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A B ST R A C T
E f f i c i e n t  e x p re s s io n  o f  re c o m b in a n t p r o te in  was a c h ie v e d  in  E . c o l i  
th ro u g h  th e  use o f  v e c to r s  c a p a b le  o f  copy num ber a m p l i f i c a t io n .  
E x p re s s io n  was r e g u la te d  b y  th e  t r y p to p h a n  p ro m o te r and p la s m id  copy 
num ber b y  th e  te m p e ra tu re  s e n s i t iv e  Lambda PR p ro m o te r .
R e p ro d u c ib le  e x p re s s io n  o f  a v a r ie t y  o f  re c o m b in a n t p r o te in s  was 
a c h ie v e d  i n  d e f in e d  medium u n d e r fe rm e n ta t io n  c o n d i t io n s .  I n  a l l  
ca se s , c e l l  g ro w th  was s t r o n g ly  i n h ib i t e d  a f t e r  a m p l i f i c a t io n  o f  b o th  
p la s m id  DNA and p ro d u c t  e x p re s s io n .
P la s m id  copy number c o n t r o l  was s tu d ie d  in  c o n tin u o u s  c u l t u r e .  
B elow  36°C , p la s m id  DNA was m a in ta in e d  a t  a lo w  and c o n s ta n t
le v e l .  A t  37°C and 38°C h o w e ve r, p la s m id  DNA a m p l i f i c a t io n  was
a c t iv a te d .
I n  o rd e r  to  s tu d y  th e  e f f e c t  o f  p h y s io lo g ic a l  p a ra m e te rs  on
e x p re s s io n  fro m  th e s e  p la s m id s , th e  CAT p r o t e in  was chosen as a
m o d e l. The e f f e c t  o f  s p e c i f i c  g ro w th  r a te  on copy number
a m p l i f i c a t io n  was s tu d ie d  i n  b a tc h  and c o n tin u o u s  c u l t u r e .  P r io r  to  
in d u c t io n ,  h ig h e r  g ro w th  r a te s  in c re a s e d  CAT e x p re s s io n . A f t e r  
in d u c t io n  h o w e ve r, c le a r  t re n d s  w ere d i f f i c u l t  to  d e te rm in e  a lth o u g h  
g ro w th  r a te  c le a r ly  in f lu e n c e d  th e  la g  p e r io d  b e fo re  DNA 
a m p l i f i c a t io n  o c c u r re d . I n  c o n tin u o u s  c u l t u r e ,  a c o m b in a tio n  o f
reduced  g ro w th  r a te  and o v e rg ro w th  hy  th e  p la s m id  f r e e  c e l l s  caused
t r a n s ie n t  p ro d u c t fo r m a t io n .  T h e re fo re  to  c o n d u c t ex tended  
e x p e rim e n ts  u n d e r in d u c in g  c o n d i t io n s ,  two s ta g e  c o n tin u o u s  c u l tu r e  
was e v a lu a te d . C e l ls  grow n a t  34°C w ere fe d  c o n t in u o u s ly  to  a
second fe rm e n te r  h e ld  a t  38°C . S ta b le  p r o d u c t io n  was a c h ie v e d  o v e r 
a 160 h o u r p e r io d  -  s u f f i c i e n t  t im e  to  p e r fo rm  re p ro d u c ib le  
e x p e r im e n ts .
I n  th e s e  e x p e r im e n ts , s p e c i f i c  g ro w th  r a te  i n  th e  second s ta g e  was 
d e te rm in e d  to  be a s i g n i f i c a n t  f a c t o r  in f lu e n c in g  h ig h  le v e l  CAT 
e x p re s s io n . I n  a d d i t io n ,  th e  e f f i c ie n c y  h y  w h ic h  i t  was b o th  
t ra n s c ib e d  and t r a n s la te d  fro m  th e  p la s m id  DNA c o u ld  be a l t e r e d .  The 
re s id e n c e  t im e  i n  th e  second s ta g e  p la y e d  a s e co n d a ry  r o le  -  m a in ly  
in f lu e n c in g  th e  p o in t  a t  w h ic h  p la s m id - f re e  c e l l s  c o u ld  o v e rg ro w  th e  
c u l t u r e .
T rends i n  p la s m id  s t a b i l i t y  w ere a ls o  s tu d ie d .  The deve lopm ent o f  
more s e n s i t iv e  m ethods to  d e te c t  p la s m id  i n s t a b i l i t y  re v e a le d  th e  
g ra d u a l a c c u m u la tio n  o f  p la s m id - f r e e  c e l l s  i n  th e s e  c u l t u r e s .  T h is  
was due to  o v e rg ro w th  o f  th e s e  p la s m id - f r e e  c e l l s  r a th e r  th a n  p la s m id  
lo s s  due to  s e g re g a t io n a l d e f ic ie n c ie s .  H ig h e r  r a te s  o f  o v e rg ro w th  
w ere ob se rve d  a t  g r e a te r  p ro d u c t e x p re s s io n  le v e ls .
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1 . 0  IN T R O D U C T IO N
- 1 -
1.0 Introduction
The in vitro manipulation of DNA, its  insertion into new organisms 
and resultant recombinant protein expression has led to a significant 
leap forward in the understanding of the genetic and physiological 
functioning of many organisms and to the development of a whole new 
biotechnology industry.
Before the development of genetic manipulation, many attempts had 
been made to introduce exogenous DNA into both prokaryotic and 
eukaryotic organisms. There were however few successes, mainly 
because the principle method of detecting DNA uptake was to observe 
new protein expression. Therefore, in addition to DNA uptake, 
e ffic ie n t transcription and translation had to occur for a successful 
resu lt. The new DNA would also have to integrate into the chromosome 
of the host, i t s e l f  a rare event, to ensure stable inheritance after  
c e ll manipulation. Exogenous DNA that did not integrate, in the 
absence of any mechanism to replicate that DNA in the new host, would 
simply be lo s t .
The development that provided a significant impetus to genetic 
manipulation was the transformation of E .co li c e lls  with exogenous 
DNA, using CaC^ treatment (Mandel & Higa, 1970). Cohen et a l . 
(1972) subsequently found that CaCl2 treatment would allow plasmid 
DNA to he taken up by E .co li and the efficiency of uptake was further 
optimised by Humphreys et a l . (1979). Techniques have now been 
developed to transform alternative hosts to E .co li such
1.1 Gene Cloning in Escherichia coli
-2-
as B .s u b tilis . S .cerevisiae and higher eukaryotic c e lls  with foreign 
DNA.
The next development was the a b ility  to cleave DNA molecules using 
various restriction  endonucleases, that could cut at sp ecific  base 
pairs, and rejoin them together with DNA lig a se . This enabled the 
joining of the exogenous DNA of interest to sequences of DNA capable 
of replicating in the host organism, thereby ensuring stable  
maintenance. The most commonly used sequences are plasmids 
autonomously replicating, extra—chromosomal, closed circular DNA 
molecules. Often naturally occurring, they can range in size from as 
small as 100 base pairs to as large as 200,000 base pairs (Manjatis et 
a l . ,  1982). Plasmid vectors were constructed which were suitable for 
the insertion of DNA of in terest. These were usually small in size  
to be more resistant to degradation during manipulation. They also 
had a small number of unique restriction  sites  into which cloned DNA 
could be easily  inserted, and fin a lly , carried a selectable marker, 
such as an antibiotic resistance, to enable transformants to be 
selected. Recombinant DNA manipulation has been further developed 
and monitored using new techniques. For example agarose gel 
electrophoresis was used to determine the size and nature of plasmid 
DNA, and DNA hybridisation (Southern Blotting) to recognise specific  
DNA sequences within a plasmid.
The majority of work to date on the expression of recombinant 
proteins in new organisms has centred upon the bacterium E .c o li . This 
was due to the large number of techniques that have been developed to 
fa c ilita te  both in vitro and in vivo genetic manipulations in this 
particular organism. In addition, its  ease of handling, its
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sim plicity to grow and fin a lly  the wealth of literature that exists  
on gene expression in E .co li has made i t  the natural choice. It  has 
been used not only for further analysis of gene structure and 
function but also for the bulk production of industrial enzymes such 
as c a lf chymosin and human therapeutic proteins such as growth 
hormones, insulin and interferons. Many factors have been found 
however to be involved in obtaining commercially useful levels of 
recombinant protein expression. Once the DNA fragment coding for the 
desired protein has been successfully inserted into a plasmid vector 
and transformed into the E. co li c e l l ,  transcription, translation and 
gene dosage must he optimised so that high rates of product synthesis 
are achieved. It  may subsequently be useful to minimise protein 
degradation to further enhance levels of accumulation. The part of 
the c e ll in which the protein accumulates must be chosen carefully to 
ensure e ffic ie n t downstream processing and purification . Problems of 
vector and DNA sta b ility  may also he encountered and would need to be 
resolved.
1 .2  Parameters influencing the e ffic ien t transcription of 
recombinant genes
In order to achieve high levels of expression of the desired product, 
it s  gene must be sp ecifica lly  and e ffic ie n tly  transcribed and 
translated into new protein. Control of protein synthesis was 
deemed desirable because constitutive recombinant protein 
expression was found to result in both poor c e ll growth and vector
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sta b ility  problems (Carrier et a l . .  1983). Control of expression 
has mainly been attempted at the transcriptional le v e l.
E fficien t transcription has been achieved by using promoter regions, 
sequences of DNA upstream from the 5' end of the gene that permit RNA 
polymerase to bind and in itia te  transcription of DNA. There is  a 
wide variety of both natural and a r t if ic ia l  promoter sequences that 
have been used to direct transcription of cloned genes. Particularly  
active ones have been selected in order to transcribe large numbers 
of RNA molecules, though this has often been shown to reduce the 
degree of regulation available.
The p-lactamase and tetracycline promoters from pBR322 have been 
extensively used to direct foreign gene expression (Villa-Komaroff et 
a l . . 1978; Gentz et a l . ,  1981) as has the rec A promoter (Feinstein  
et a l . .  1983). Perhaps the most widely used have been the metabolic 
promoters of the lactose and tryptophan operons.
The lac promoter has proved to be a powerful in itia tor  of 
transcription and has been shown to be controllable to a certain  
degree. The original lac promoter could be regulated negatively by 
lac repressor molecules and positively  by catabolite repression. 
More active mutants were readily developed, the most common being the 
lac UV5 mutant which has both increased promoter activ ity  and 
in sen sitivity  to catabolite repression (Freisen & An, 1983). The lac 
operon can be induced with IPTG to give a 10 ,000-fo ld  ratio between 
repressed and fu lly  active gene.
In this form the lac promoter has been used to direct the expression
- 5 -
of a number of eukaryotic proteins such as somatostatin (Itakura et 
a l . . 1977) and human insulin (Goeddel et a l . .  1979b). I t  was
quickly discovered that the promoter did not give su ffic ien t control 
in the repressed state to reduce expression, particularly when 
present on a high copy number plasmid in a host strain  with only a 
single copy of the chromosomal lac repressor present (O’ Farrel 
et a l . . 1978; Lee & Bailey, 1984). Regulated expression was desired 
to enable the cloning of DNA sequences that were le th a l, or 
detrimental to growth i f  expressed constitutively .
The use of host strains that overproduced the lac repressor restored 
regulated expression. The mutant lac repressor gene lac I*1, which 
overexpresses lac repressor 10 fold (M ueller-H ill, 1968), has 
subsequently been cloned into the expression plasmid i t s e l f  or into a 
co-existing multicopy plasmid (Sninsky et a l . . 1981).
The tryptophan promoter has also been shown to be capable of 
directing the expression of cloned genes (Hallewell & Emtage, 1980), 
being negatively regulated in the presence of tryptophan and capable 
of induction by 3 |J-indole-acrylic acid (Morse et a l . . 1969). Since 
expression was thought to be regulated by the presence of a single  
chromosomal copy of the tryptophan repressor, the tryptophan promoter 
was considered more suitable than the lac promoter for expressing a 
wide variety of protein products (Hallewell & Emtage, 1980). 
Production of prochymosin (Emtage et a l . .  1983) and human growth 
hormone (Martial et a l . .  1979) are just a few examples of proteins 
successfully expressed from this promoter. Multiple copies of the 
tryptophan promoter have been shown to increase transcription rates. 
Double and trip le  tryptophan promoters have been shown to increase 
the expression of urogastrone 3 and 4 fold respectively (Carrier et 
a l . . 1983).
-6-
Expression from the tryptophan promoter has not always been found to 
be e ffectiv e ly  regulated however. Caulcott et a l . (1985) found that 
the addition of tryptophan to a continuous culture did not 
sign ifican tly  repress met-prochymosin expression regulated by the trp 
promoter even from a low copy number vector. Sim ilarly a single copy 
of the tryptophan repressor gene was found to be insu fficient to 
control expression of Omp F protein when expression was directed by 
the use of five tryptophan promoter sequences (Itoh et a l . . 1986).
To ensure better regulation of the trp promoter, recombinant DNA 
techniques have been used to combine the lac and trp promoters to 
form the a r t if ic ia l  so-called  "ta c " promoter. This hybrid retained 
the a b ility  to be both regulated by lac I q repressor gene and to he 
induced with IPTG. It  was sim ilar in strength to the tryptophan 
promoter (de Boer et a l . .  1983; Harris, 1983) and as such, mediated 
the expression of hGH (de Boer et a l . . 1982).
The problems associated with regulation of metabolic promoters led to 
the development of expression vectors where transcription was 
achieved by the use of the le f t  (P_) and right (P_) promoters ofJLa K
the bacteriophage lambda. These promoters are, by necessity, tightly  
controlled hy the X cl repressor protein ensuring lysogeny in host 
bacteria yet remaining capable of binding powerfully to RNA 
polymerase when derepressed. In cloning vectors, P and P_ were 
usually regulated by a host that expressed a temperature sensitive  
mutant ( c lg5y) of the repressor protein. The c lg,.  ^ protein could 
be denatured at 42°C (Lieb, 1966). Thus transcription could be 
fu lly  repressed at 28°C, yet fu lly  induced at 42°G (Bernard et 
a l . . 1979; Larsen et a l . ,  1984). It  was concluded that a single  
chromosomal copy of the cl gene could provide su fficien toD /
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repressor to block transcription from the lambda promoters even when 
cloned onto a multicopy plasmid (Remaut et a l . . 1981).
Expression vectors subsequently based upon XP  ^ or PR promoters
and cl___ have been made more versatile  by inserting the repressor 85 /
protein either into a second plasmid (Buell et a l . . 1985) or into the 
vector i t s e l f  (Queen, 1983). Vectors using P_ or P_ promotersli K
have successfully achieved levels of foreign gene expression of up to 
25% of total cellu lar protein (Simons, G. et a l . .  1984; Oehmichen et 
a l . . 1984; Botterman et a l . .  1985).
In order to achieve or increase expression, mRNA transcription must 
also be e ffic ie n tly  terminated. DNA sequences downstream from the 
desired gene, typically  a G and C rich region followed by an AT rich 
region at the terminator s ite  (Rosenberg & Court, 1979), control mRNA 
termination. Certain strong promoters, such as from the 
bacteriophage T5, require the presence of a terminator in order to be 
maintained on the plasmid (Gentz et a l . .  1981). The use of a 
bacteriophage T4 terminator after a gamma interferon gene has also 
been shown to improve expression two fold , presumably in this case by 
preventing PT transcript from interfering with the plasmid originJLj
of replication and hence lowering the copy number (Simons, G. et a l . . 
1984).
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1.3 Parameters influencing the efficient translation of
recombinant genes
For high levels of product synthesis to occur, recombinant mRNA must 
bind e ffic ie n tly  to the ribosome and be e ffectiv e ly  translated into 
protein. In E .c o li . the ribosome binding s ite  (rbs) on the mRNA
consists of the in itia tio n  codon AUG, the f ir s t  to be translated, and 
a sequence of between 3-9 bases, called the Shine-Dalgarno (SD)
sequence, found 3-12 bases upstream. The SD sequence is  
complementary to the 3 ' end of the 16S rRNA ribosomal subunit and 
thus, base pairing is  thought to be the method by which attachment is  
achieved with the 30S subunit (S te itz , 1979).
In order to achieve an e ffic ie n t rbs, early expression work involved 
the fusion of the desired eukaryotic gene to a pre-existing  
prokaryotic gene. In this way the somatostatin gene was fused to 
the lac Z gene under the control of the lac promoter (Itakura et a l . .
1977) as were the human insulin A and B chains (Goeddel et a l . .
1979b). Successful expression was dependent upon the maintenance of 
the correct translation reading frame (Itakura et a l . .  1977). This 
led to the development of vectors with alternative insertion site s  so 
that the correct frame could be selected. Vectors based on lac Z 
(Charnay et a l . .  1978) and trp E fusions (Tacon et a l . .  1980) were 
developed. To release the desired protein from the fusion, both 
human insulin and somatostatin could be cleaved at their respective 
N-terminal methionine by cyanogen bromide.
The desire to remove this extra processing step and to manufacture 
proteins that contained internal methionine residues (that would be
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cleaved internally by cyanogen bromide) created a need to express 
native proteins. This led to the direct fusion of the gene into the 
rbs and was f ir s t  successfully demonstrated by Backman & Ptashne 
(1978). They fused the bacteriophage X cl gene to the gal rbs 
to form a hybrid rbs 8 bases upstream from the cl AUG. This led to 
the synthesis of 30,000 molecules of active X repressor per c e ll .  
Greater expression levels s t i l l  were found when the lac rbs was fused 
with the X cro gene (Roberts et a l . ,  1979). Expression of 
eukaryotic proteins, such as human growth hormone(hGH), were also 
achieved in the same way (Goeddel et a l . f 1979a). Synthesis of human 
leucocyte interferon A used the tryptophan leader rbs and completely 
synthetic DNA for the N-terminal methionine (Goeddel et a l . . 1980).
A method for improving translation of recombinant proteins was 
discovered during expression studies on the X cro gene product.
I t  became evident that alterations in the distance between the 
promoter and gene yielded quite different levels of product 
expression. Even sligh t changes in the distance between the lac SD 
and cro AUG were found to decrease expression 20 fold in the absence 
of copy number changes or regulatory effects of the cro protein 
i t s e l f  (Roberts et a l . .  1979). Secondary structure differences in 
the 5 ' end of the cro mRNAs that made the AUG more accessible were 
thought to cause the observed variations (Inserentant & Fiers, 
1980). Further work on the expression of t antigen and human 
interferon gamma also demonstrated that e ffic ie n t in itia tion  of 
translation required accessible AUG and SD sequences (Ghevson et a l . .  
1982; Simons, G. et a l . ,  1984). Some studies however on the 
expression of cro B-galactosidase fusions under the control of the 
lambda P promoter have shown that accessib ility  of the AUG was notix
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a major factor (Zabeau & Stanley, 1982). The complete absence of 
any mRNA secondary structure was also shown to increase expression of 
immunoglobulin heavy chain ninety-fold  (Wood et a l . .  1984). 
Variations in the SD-AUG distance of the CAT gene was found to make 
l i t t l e  difference to product expression while changes that permitted 
the SD sequence i t s e l f  to base pair resulted in a ten -fold  reduction 
in expression (Schottel et a l *, 1984). Clearly there is
conflicting literature on this point. There must be many interacting 
factors affecting e ffic ie n t translation; p o ss ib ilit ie s  include mRNA 
tertiary structure, interaction with other macromolecules or mRNA 
s ta b ility . Despite this uncertainty however, most recombinant 
proteins that have been expressed at high levels in E .co li have 
undergone some degree of SD-AUG optimisation. The secondary
structure of mRNA can now he predicted by computer folding programmes
(Zucher & S tiegler, 1981), and its  s ta b ility  calculated (Tinoco et 
a l . . 1973). Methods involving digestion of a unique restriction
s ite  upstream of the in itia tio n  s ite  and subsequent resection with an 
exonuclease to create the varying distances are now commonplace.
In addition to the provision of an e ffic ien t and accessible rbs, 
translational efficiency is  thought to be regulated by codon usage 
(Harris, 1983). In E .co li i t  has been shown that there was a clear 
preference for the use of particular codons for some amino acids 
(Grosjean & Fiers, 1982) and this was found to correlate with the 
abundance of certain tRNA species (Ikemura, 1981). The effect of 
codon usage on protein expression was demonstrated by the multiple 
insertion of rarely used codon sequences into the gene for
chloramphenicol acetyltransferase (CAT). Transcriptional efficiency  
was maintained but the amount of protein synthesised was
sign ifican tly  reduced (Robinson et a l . .  1984). Despite containing 
approximately 25% of infrequently used codons by E .c o li . the native 
CAT gene was nevertheless expressed at high le v e ls . The use of 
multiple copies of the rarely used codons however, together with high 
rates of transcription, was thought to make the abundance of the 
corresponding rare tRNA species rate lim iting for protein synthesis 
(Robinson et a l . f 1984). Because codon usage d iffers  between pro- 
and eukaryotes, expression of eukaryotic genes in prokaryotes might 
not be optimal due to d iffering levels of tRNA species. Complete 
synthetic genes with fu lly  optimised codons or the cloning of minor 
tRNA species might well prove to be the solution (Carrier et a l . .
1983).
Finally , for e ffic ien t protein expression, termination of translation  
has to occur at one of the three stop codons always found in both 
prokaryotic and eukaryotic genes.
1 .4  The influence of plasmid copy number on recombinant gene 
expression
Much work has gone into improving recombinant protein expression by 
increasing the dose of the desired gene. This has been achieved 
either by use of a vector with an inherently high copy number or by 
amplifying the copy number at a certain stage in the growth cycle.
It  was reasoned that a greater concentration of the RNA transcript 
from an increased number of gene copies improved binding of mRNA to
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ribosomes and hence lead to an increased rate of protein synthesis 
(Carrier et a l . . 1983).
Early work confirmed this b e lie f by demonstrating that cloning 
recombinant genes into plasmids that were maintained within the host 
c e ll at a higher copy number did in fact result in an increase in the 
level of protein expressed (Gelfand et a l . .  1978; O 'Farrell et a l . .
1978). For example, expression of tryptophan synthase was increased 
almost 30 fold hy the adoption of higher copy number vectors (Alba et 
a l . . 1982). In it ia lly  these increases in protein expression were 
thought to be proportional to the increase in copy number (Uhlin et 
a l . . 1979). Later however, i t  was observed that an optimum copy 
number appeared to ex ist, above which a reduction in the efficiency  
of recombinant protein expression ( i .e .  the number of protein 
molecules/gene copy) was observed (Seo & Bailey, 1985).
Higher copy number plasmids have now become widely used particularly  
the Col El derived plasmid vectors pBR322 (Bolivar et a l . . 1977) and 
it s  higher copy number derivative pAT153 (Twigg & Sherrat, 1980). 
These plasmids were also technically easier to manipulate.
In addition to the use of higher copy number vectors, physiological 
conditions, particularly sp ecific  growth rate, have also been shown 
to increase gene copy number and enhance product expression. The 
addition of a-methylglucoside to a glucose containing batch culture 
reduced the maximum sp ecific  growth rate and resulted in an increase 
in plasmid copy number and concomitant cloned gene product expression 
(Seo & Bailey, 1985).
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Problems with these constitutively high copy number vectors were 
particularly seen when combined with poorly controlled
transcription. They were shown to cause a reduction in the maximum 
sp ecific  growth rate of the plasmid-containing host c e l l .  This not 
only increased production run times but also , more importantly, made 
plasmid-bearing c e lls  uncompetitive with any plasmid-free cells  
present. This caused a reduction in the fin a l levels of product 
through accumulation of plasmid-free c e lls  (Gaulcott & Rhodes,
1986). These problems led to the development of a number of plasmid 
vectors capable of inducible copy number am plification. The f ir s t  
to be developed was based on an uncontrolled ("runaway") replication  
mutant of the plasmid Rl (Uhlin et a l . .  1979). At 30°C the 
plasmid was maintained within the c e ll at 10-25 copies per chromosome 
whereas at temperatures above 35°C the plasmid could replicate up 
to 1000 copies per c e l l .
This system was subsequently modified to reduce the copy number at 
the lower temperature to one per chromosome, in an attempt to improve 
the s ta b ility  of the vector, while s t i l l  maintaining the a b ility  to 
amplify up to 1000 copies per chromosome. This was successfully  
achieved by inserting the bacteriophage X PR promoter and the 
temperature sensitive cl a lle le  upstream of the replicationoO/
control gene Reo A (Larsen et a l . . 1984).
Rao & Rogers (1978) also developed a similar inducible copy number
vector based on a Col El plasmid into which had been inserted the
bacteriophage lambda replication control genes and the temperature
sensitive lambda repressor c l0__ . At 42°C the lambdao5 /
replication genes were induced and the copy number rose from
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approximately 50 to 130 copies per chromosome. Concomitant with 
copy number induction, expression of the E .co li exonuclease III  gene
cloned into the plasmid, increased 125 fo ld .
An alternative strategy was developed where copy number was
controlled by two plasmid origins of replication cloned onto the same
plasmid (Yarranton et a l . .  1984). At 30°C the plasmid replicated  
from a pSClOl origin at 4 copies per chromosome. Replication from
the second Col El (higher copy number) origin was put under the
control of the X P  ^ promoter and repressed at 30°C by
chromosomal temperature sensitive eIoc_ protein. Thus03 I
derepression at 42°C caused rapid copy number amplification and
subsequent controlled replication at 140 copies per chromosome.
1 .5 Recombinant Protein Accumulation in E .co li
Once the desired product gene has been e ffic ie n tly  transcribed and 
translated at a high le v e l, the protein can accumulate in one of 
three potential s ite s ; in tracellu larly , in the periplasmic space or 
extracellu larly .
The majority of both eukaryotic and prokaryotic recombinant proteins 
lacking any N-terminal signal sequence when expressed in E .c o li . have 
been found to accumulate in the c e ll cytoplasm. It  was soon 
observed that when accumulated to a high proportion of the ' tota l ce ll  
protein, the new protein was insoluble in nature. When c e lls  were
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intracellu lar inclusions were seen. This was f ir s t  reported when 
the insulin A and B chains were expressed fused to a tryptophan 
operon gene product (Williams et a l . .  1982). The inclusion bodies, 
not present in c e lls  bearing a parental plasmid, were proved to he 
localised accumulations of the product that were su ffic ien tly  rigid  
in some cases to distend the bacterial c e ll w all. The formation of 
insoluble intracellular eukaryotic protein inclusions in E .co li was 
not expected since both the individual chains and the tryptophan 
operon gene product were normally soluble.
This phenomenon was frequently found when expressing both fusion 
proteins and native proteins. Examples include ca lf prochymosin 
(Emtage et a l . .  1984) and human gamma interferon (Simon et a l . .
1983). Not a l l  eukaryotic proteins however were laid  down as 
insoluble inclusions, some exceptions being human tumor necrosis
factor (TNF) (Shirai et a l . .  1985) and in some cases human growth 
hormone (Atkinson et a l . .  1984; Dalhoge et a l . .  1987). Likewise, 
not a l l  prokaryotic proteins are soluble in the cytoplasm. The 
restriction  enzyme EcoRI when expressed from a high copy number 
plasmid was found in the insoluble p ellet fraction after ce ll
disruption (Botteman et a l . . 1985). Inclusion body formation is
reportedly reduced at lower growth temperatures and with proteins 
either with a reduced proline content or that contain stretches of 
acidic amino acids (Schein , 1989).
The inclusion bodies were not simple protein precipitates laid down 
as a result of localised high protein concentrations. Such 
precipitates would have been easily  solubilised by agents capable of
viewed under the phase contrast microscope, characteristic
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disaggregating weakly connected molecules. They were however, found 
to be held together in part by intermolecular disulphide bonds 
(Schoemaker et a l . .  1985) which required high concentrations of 
denaturants such as urea or guanidine hydrochloride for 
solu bilisation  (Marston e t _ a l . , 1984).
The large scale resolubilisation  and subsequent renaturation of 
insoluble proteins in the cytoplasm of E .c o li . although 
straightforward at small scales, was d iffic u lt  on a large scale. 
This resulted in a trend to the direction of proteins through the
inner membrane into the periplasmic space where they tended to 
accumulate in a soluble and active form. In order to direct the
protein to this area i t  needed to be synthesised as a precursor with 
an N-terminal sequence of 20-25 hydrophobic amino acids preceded by a 
few hydrophilic residues (Silharvy et a l . f 1983). This signal 
sequence was thought to attach to the inner c e ll membrane, after  
which the protein was transferred across the membrane in an energy 
dependent reaction. The signal sequence was then cleaved by a 
signal peptidase and mature protein folded by the formation of
disulphides upon release into the periplasm. The most common signal 
sequences to he used were those for the E .co li outer membrane protein 
gene (ompA) and the alkaline phosphatase gene (phoA). More recently 
hGH was exported to the periplasm using either the phoA signal (Gray.
et a l . . 1985) or the ompP signal (Hsiung et a l . . 1986). Yields were
reported to be 0.45]ig/A55Q and 10-15pg/A^QQ respectively.
In each case, the recombinant hGH was processed correctly, had the
correct number of disulphides bonds and was folded as authentic 
hGH. Approximately 72% of the hGH produced in the c e ll was
translocated into the periplasm where i t  constituted 30% of the
The phoA leader sequence has also been used to secrete mature human 
epidermal growth factor (hEGF) into the periplasm, again correctly  
processed and folded to give a biological a ctiv ity  equivalent to 
authentic EGF (Oka et a l . , 1985).
In addition to the production of soluble and correctly folded 
proteins, periplasmic export has further advantages. The sta b ility  
of proteins exported into the periplasm has been reported to be 
greater than in the cytoplasm. Proinsulin was reported to be 10 
times more stable in the periplasmic space (Talmadge & Gilbert, 
1982). Presumably a result of fewer proteases present, the 
technique was found to fa c ilita te  the direct expression of such short 
peptides.
Proteins could easily  be released from the periplasm by osmotically 
shocking the c e ll (Oka et a l . .  1985) and recovered from the wash in a 
high state of purity. Contaminating periplasmic proteins only 
constituted 4% of the to ta l E .co li proteins (Nossal & Heppel, 1966). 
Obviously, protein recovery at large scales were greatly fa cilita ted  
by these changes.
Compared with intracellu lar location, only very low levels of 
eukaryotic gene expression have been reported at present to 
accumulate in the periplasm. The fact that i t  is  capable of 
accomadating up to 30% of the tota l c e ll protein as Staphylococcal 
nuclease A (March et a l . . 1985) demonstrates clear potential however.
The fin al location for protein accumulation is  in the culture medium 
-  the proteins having been further translocated from the periplasm 
through the outer membrane. This has been rare in E .co li where
total periplasmic protein (Hsiung et al.. 1986).
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Haemolysin, p ilin  and fla g e lla  subunits appear to be the only E .co li
proteins naturally secreted (Holland et a l . , 1986) though some other 
prokaryotic proteins appear to be capable of being secreted -  the IgA 
protease cloned from Neisseria gonorrhoeae (Halter et a l . .  1984) and 
the PRT protease from Erwinia chrvsanthemi (EC16) (Barras et a l . .
1986). Other mechanisms of release of recombinant heterologous 
proteins are now becoming more commonly reported, usually by one of 
the following methods. F irstly , the use of leaky ( Iky) mutants can 
allow proteins previously exported to the periplasm such as the 
E .c o li alkaline phosphatase (Lazaronii & P ortalier,1982) and rat 
proinsulin (Mosbach et a l . f 1983), to be preferentially  secreted 
during growth. The lkv strains are apparently fra g ile  however, and 
d iffic u lt  to grow (Nicaud et a l . . 1986).
Secretion has also been achieved hy the use of a 1 .7  Kb DNA fragment
cloned from a Bacillus strain that affects the integrity of the 
E .c o li outer membrane thus permitting the release of cloned
jp-lactamase into the culture medium (Kato et a l . .  1983). Even
though the identity of the gene product from this fragment is  not yet 
known, this system has been used to produce 10 mg/1 gamma interferon 
in the culture medium (Nicaud e t _ a l .,  1986).
Secretion of recombinant Insulin like Growth Factor-I (IGF-I) has 
been achieved by fusion with a synthetic IgG binding domain derived
from staphylococcal protein A (Moks et a l . .  1987). Heat shocking
the culture to 44°C resulted in both enhanced expression and outer 
membrane permeabilisation, allowing 75 mg/1 of fusion protein to be 
secreted into the medium.
only a relatively few examples of secretion have been reported.
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Human ]S-endorphin has been secreted by fusion of the gene to the
N-terminal sequence of the ompF gene preceded by the ompF signal
sequence (Nagahari et a l . .  1985). The signal peptide was cleaved
o ff  during secretion and the ompF: ^ -endorphin fusion protein 
selectively  appeared in the medium without sign ificant amounts of 
other common periplasmic proteins such as alkaline phosphatase and 
p-lactamase. Although the signal peptide appeared to he necessary 
for export to the periplasmic space, the method of secretion through
the outer membrane has not yet been determined.
More recently, recombinant hGH has been secreted from E .co li by 
coexpression of a bacteriocin release protein (BRP) that sp ecifica lly  
permeablises the c e ll w all. Periplasmic hGH consequently leaks into 
the culture medium (Hsiung et a l . .1989).
There appears as yet, to be no single method for achieving 
recombinant protein accumulation in the culture medium. In addition, 
i t  is  not clear in every case whether true secretion, ie . an active  
predetermined process, is  occuring or whether fortuitous leakage from 
the periplasm through to the culture medium happens.
Apart from the cleavage of any N-terminal signal peptide, proteins 
accumulated in E .co li do not undergo further extensive post 
translational modifications. The N-terminal methionine can in some 
cases be removed in vivo but processes such as glycosylation and 
phosphorylation do not occur in E .co li (Harris, 1983) and amidation 
and acetylation often have to he performed in vitro to achieve 
biological activ ity  (Marston, 1986).
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1.6 Recombinant Protein Turnover in E.coli
The extent of protein degradation within the E .c o li  c e ll can 
sign ifican tly  effect the levels to which recombinant proteins
accumulate. The turnover of non-recombinant proteins can vary 
sign ifican tly  -  up to 7% have h alf lives of between 13-60 minutes
(Pine, 1972), 70% are hardly broken down at a ll  and the rest are only
degraded under starvation conditions (Nath et a l . .  1970). 
Recombinant protein turnover has been shown to be sim ilarly variable; 
interferon in crude E .co li extracts has been reported to have a h alf 
l i f e  of about 12 hours whilst that of insulin is  20 minutes (Atkinson 
et a l . .  1984). In general, smaller proteins have appeared to be 
more rapidly degraded in E .co li than larger proteins. This has
resulted in the use of protective fusion carrier proteins for the 
effic ie n t expression of smaller proteins and peptides (Carrier et 
a l . , 1983, Furman et a l . , 1987). For this reason the small hormone 
somatostatin was fused to the p-galactosidase gene (Itakura et a l . . 
1977) and the Insulin A and B chains were fused to the trpE gene 
(Muth, 1985) in order to achieve any detectable expression.
Protein degradation has been reported to be temperature dependent, 
with longer h alf lives for proinsulin at 30°C than at 37°C or 
41°C (Emerick et a l . .  1984). In some cases the formation of 
product into insoluble inclusion bodies has rendered the protein less  
susceptible to turnover (Schoner et a l . .  1985) and has apparently 
stabilised  the hitherto very la b ile  X90 protometer in E .co li (Cheng 
et a l . . 1981).
Much work has recently centered upon the nature of the proteases in
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E .co li capable of degrading recombinant or abnormal proteins and the 
mechanisms by which they can be controlled or inhibited.
Extensive investigation of E .c o li proteases demonstrated eight 
d istin ct soluble proteolytic a ctiv itie s  (Swamy & Goldberg, 1981). 
Six were determined to be inhibited by di-isopropyl fluorophosphate 
(DFP), indicating serine proteases, and were named for convenience 
Do, Re, Mi, Fa, So, La in order of elution from a DEAE cellulose  
purification column, while the other two (Pi and Ci) were found to be 
metalloproteases and thus inhibited by metal chelating agents.
Abnormal proteins produced in E .c o li , such as prematurely terminated 
polypeptides (a r t if ic ia lly  induced hy the addition of puromycin) or 
incorrectly folded proteins (such as those a r t if ic ia lly  created by 
the incorporation of the amino acid analog canavanine), were degraded 
in a process that was found to be energy dependent (Goldberg & St. 
John, 1976). Mutant strains of E .c o li . in it ia lly  called Deg- and 
subsequently proved indistinguishable from Ion or capR mutants 
(Gottesman & Zipser, 1978), were found to degrade such abnormal 
proteins much more slowly. These mutants led to the discovery that 
the Ion wild type gene coded for an ATP dependent serine protease 
(Charette et a l . .  1981) subsequently determined to be the protease La 
(Chung & Goldberg, 1981). La was found to exist as a tetramer of 
subunits each of 94,000 M.W. (Goldberg et a l . .  1981) and was 
in it ia lly  reported to be the only ATP dependent protease in E. coli 
(Swamy & Goldberg, 1981) although more recent evidence however has 
indicated that other ATP dependent proteolytic enzymes must be 
present (Maurizi et a l . .  1985). The Ion mutant strains coded for a 
protease which, although s t i l l  ATP dependent, only retained 50% of 
the proteolytic activ ity  of the wild type (Chung et a l . T 1983). They
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were also found to overproduce the capsular polysaccharide colonic 
acid due to the stab ilisation  of the RcsA gene product. The result 
was mucoidal colonies on agar plates (Torres-Cabassa & Gotterman,
1987). Elongated c e lls  were also formed due to the in ability  to 
degrade the sulA gene product that inhibits c e ll septation (Goff et 
a l . , 1984).
Lon mutants are now becoming widely tested to study their effect on 
the accumulation of recombinant product (Carrier et a l . .  1983). 
Increased levels of Immunoglobulin \i heavy chain have been reported 
when expressed in a host deficient in the Ion protease (Boss et a l . , 
1984) and studies of somatomedin expression have shown higher levels  
of accumulation in isogenic strains containing the defective Ion 
phenotype (Buell et a l . .  1985). L ittle  has been reported on their 
growth characteristics or their a b ility  to be incorporated into 
manufacturing processes.
Much work has gone into the mechanisms of control of La synthesis to 
determine i f  alternative ways of reducing protein turnover to those 
previously described are possible. Towards this aim, La was shown 
to be one of a group of proteins that could be induced from basal 
levels as a response to either elevated temperatures (42°C and 
above) or other c e ll stress stimuli such as ethanol (Goff et a l . ,
1984). Seventeen of these "heat shock" proteins have been reported. 
They have been found to be expressed at very high levels as a 
response to the stimulus for approximately 20 minutes before the rate 
of synthesis fa lls  to a new lower level (Neidhardt et a l . .  1984). 
Mutants defective in the heat shock response have been isolated and 
found to have a single mutation in the htoR gene rendering them
-23 -
unable to grow at temperatures above 42°C (Tobe et a l . f 1984). 
The fact that these mutants were subsequently found to degrade 
canavanine containing proteins far less than wild type c e lls  (Goff et 
a l . , 1984) and increase the h a lf lives of both rpoD800-encoded
subunit and X90 J5-galactosidase from 5-7 minutes to 60 minutes 
(Baker et a l . , 1984) clearly indicated that expression of La was in 
some way dependent upon the synthesis of the htpR gene product.
Studies on the htpR mutation using a Ion :lac Z fusion demonstrated
reduced transcription from the Ion gene at both 30°C and 37°C as
well as the in a b ility  to be induced by ethanol shock. The fu ll  
response could be returned however i f  the wild type htpR gene, cloned 
onto a plasmid, was transformed into the strain  (Goff et a l . .
1984). The htpR gene product was fin a lly  shown to be a Sigma factor 
for an RNA polymerase that sp ecifica lly  recognises heat shock 
promoters such as Ion (Grossman et a l . ,  1984). Unfortunately heat 
shock and c e ll stressing agents are not the only stimuli for La 
synthesis. More recent work using the Ion :lac Z fusion has shown 
that synthesis of abnormal proteins (including recombinant 
heterologous proteins) stimulated transcription of the Ion gene (Goff 
& Goldberg, 1985). Synthesis of the eukaryotic human tissue  
plasminogen activator likewise caused an increase in Ion
transcription though no response was observed when the experiment was 
carried out in htpR mutant c e lls . The onset of carbon starvation  
has also been shown to stimulate expression from typical heat shock 
genes such as dna K and gro EL although La synthesis was not
sp ecifica lly  measured (Groat & Matin, 1986).
Control of the heat shock response has now begun to be used as an
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alternative method of reducing protein turnover and increasing 
recombinant eukaryotic protein accumulation in E .c o li . Buell et a l . 
(1985) reported that expression of somatomedin-C reached higher 
levels in htpR mutants and was greater s t i l l  in htpR. Ion double 
mutants.
Alternative methods of recombinant protein stab ilisation  have 
included the use of a fragment of DNA from the bacteriophage T4 
genome (Simon et a l . .  1983). The gene, T4 pin (proteolysis  
inh ibition), when cloned into a multicopy plasmid was found to reduce 
the degradation of puromycyl polypeptide fragments and increase human 
fibroblast interferon accumulation, cloned onto an accompanying 
plasmid, between 4 and 8 fo ld .
p-interferon production has been shown to he stabilised  hy the 
addition of between 0 .1  and 1.0 mM zinc ions to the culture medium. 
Presumably the action of some intracellular E .c o li proteases was 
inhibited (Gross et a l . , 1985).
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1.7 Recombinant Plasmid Stability
Having achieved useful levels of recombinant protein expression in 
E .c o li . one of the major problems for subsequent growth is  the 
sta b ility  of the vector within the host c e l l .  Many workers have 
found that upon prolonged culture, a proportion of non-productive 
c e lls  arose within the total population. This was thought to be due 
either to failure of the plasmid to segregate correctly to the 
daughter c e lls  upon c e ll division , or to structural rearrangement of 
the plasmid i t s e l f  resulting in the deletion of the sp ecific  genes of 
in terest. The consequence was a lower overall level of recombinant 
product within the fermentation, leading to increased production 
costs due to substrate consumption by non-productive c e lls  (Ensley, 
1986). In order to overcome these problems much effort has 
concentrated upon the detection, causes and solutions to plasmid lo ss .
Plasmid loss (or rearrangement such that the desired gene is  no 
longer expressed) has usually been measured by calculating the 
proportion of c e lls  resistant to one of the usual antibiotic  
selectable markers on the vector. This was performed either by 
replica plating viable counts or picking individual colonies onto 
selective media. Golourimetric assays for {5-lactamase have also 
been developed (Boyko & Ganschow, 1982) but have been less widely 
applied.
The majority of studies into the sta b ility  of various vectors have 
been performed in continuous culture as opposed to repeated batch 
subculture. Although the la tter  w ill give a general indication as 
to the s ta b ility  of the plasmid, the technique was thought unreliable 
due to the constant changes between growth, nutrient depletion and
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other environmental parameters. Continuous culture, on the other 
hand, offered a constant environmental condition with which to 
quantitatively study plasmid s ta b ility  over a large number of 
generations (Primrose et a l . . 1984),
In itia l work concentrated upon plasmid vectors that lacked any 
foreign gene in sert. For example, early plasmid s ta b ility  studies 
centred upon the commonly used plasmid RP1 (Melling et a l . . 1977) 
which was found to be stably maintained in E .c o li W3110 under 
magnesium, phosphate and carbon limited continuous culture. When a 
1% inoculum of isogenic plasmid-free c e lls  was inoculated into the 
chemostat however, under magnesium and carbon lim itations the overall 
population remained constant. Under phosphate lim iting conditions 
however, the plasmid-free c e lls  rapidly overgrew -  the plasmid 
containing c e lls  were washed out of the fermenter at approximately 
the theoretical wash-out rate. Melling e t _ a l . ,  (1977) implied that 
replication of the plasmid was inhibited in some way by the 
plasmid-free c e lls  although later work suggested however, that ce lls  
containing RP1 could only grow at h alf the rate of RP1 free ce lls  in 
a low phosphate environment (Klemperer et a l . .  1979). This result 
would indicate that, in part, the plasmid-bearing c e lls  would have 
been uncompetitive in the chemostat compared with the plasmid-free 
c e ll proportion.
Similar results were reported for the ColEl derived vector pDS1109 in 
E .co li W3110 in which the co licin  gene had been inactivated to 
prevent selection against plasmid-free c e lls  (Jones et a l . ,  1980). 
The plasmid was found to be stably maintained over 120 generations in 
both carbon and phosphate lim itations although, as before, a 0.1%
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inoculum of plasmid free c e lls  could give rise to very rapid loss  
within the culture.
Unlike the previous vectors, the common cloning vector pBR322 
however, was shown to be unstable under both glucose and phosphate 
lim itations (Jones et a l . .  1980) even without the addition of plasmid 
free c e lls . Although derived from GolEl (lik e  pDS1109), pBR322 
lacked a DNA sequence in the region of the HaellA fragment that was 
thought to be involved in the fid e lity  of segregation (Primrose et 
a l . , 1984). This fragment was thought to be especially important
since the copy number of pDS1109 in E. coli W3110 was known to drop to 
20% of it s  starting value after 80 generations in continuous 
culture. This decrease in copy number was thought to increase the 
likelihood of a daughter c e ll not inheriting one of the plasmid 
copies (Jones et a l . . 1980).
Experiments attempting to examine whether the DNA sequence was 
involved in segregational inheritance were performed. 
Complementation of this DNA sequence by insertion of another stably  
maintained plasmid into a different E .co li host containing pBR322 was 
attempted. This experiment failed  to show any stab ilisin g  e ffe c t, 
suggesting that the DNA sequence i t s e l f  rather than any coded protein 
was involved in correct segregation (Primrose et a l . , 1984).
The cloning vector pAT153, a deletion derivative of pBR322 (Twigg & 
Sherratt, 1980), was likewise found to be unstable in continuous 
culture albeit after a greater number of generations than pBR322 
(Primrose et a l . , 1984). This greater s ta b ility  may have been due 
to it s  inherently higher copy number of 59 (Yarranton et a l . . 1985).
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When re c o m b in a n t p r o t e i n s  o f  i n t e r e s t  w ere c lo n e d  i n t o  a v e c t o r ,  
p la s m id  s t a b i l i t y  becam e a p ro b le m  e v e n  i n  b a t c h  c u l t u r e .  
E x p r e s s io n  o f  th e  re c o m b in a n t p r o t e i n  f r e q u e n t ly  c a u se d  a d ro p  i n  th e  
maximum s p e c i f i c  g ro w th  r a t e  o f  th e  p la s m id -b e a r in g  c e l l s  th u s  m aking  
them  u n c o m p e t it iv e  w it h  p la s m id  f r e e  c e l l s  when th e y  a r o s e  w i t h in  th e  
c u l t u r e  ( C a r r i e r  e t  a l . .  1 9 8 3 ;  C a u lc o t t  e t  a l . .  1 9 8 5 ) .  E x p r e s s io n  o f  
th e  trp E  p r o t e i n  a f t e r  in d u c t i o n  b y  3 - p - i n d o l e - a c r y l i c  a c id  ca u se d  
p la s m id  f r e e  s e g r e g a n t s  t o  a r i s e  from  a p r e v i o u s ly  s t a b l e  c u l t u r e  
( H a l l e w e l l  & E m ta ge , 1 9 8 0 ) .E x p r e s s io n  from  th e  b o v in e  m e t-p r o c h y m o s in  
g e n e , when c lo n e d  i n t o  a s t a b l e  p a r e n t  v e c t o r ,  c a u se d  a 30% d ro p  in  
th e  maximum s p e c i f i c  g ro w th  r a t e  o f  th e  h o s t  th u s  c a u s in g  s i g n i f i c a n t  
p la s m id  i n s t a b i l i t y .  T h is  i n s t a b i l i t y  p r e v e n te d  a s t e a d y  s t a t e  o f  
p la s m id  c o n t a in in g  c e l l s  from  b e in g  a c h ie v e d  i n  c o n t in u o u s  c u l t u r e  
( C a u l c o t t  e t  a l . . 1 9 8 5 ) .  E x p r e s s io n  o f  p r o t e i n  from  th e  t r p  o p e ro n  
was a l s o  fo u n d  to  i n c r e a s e  th e  i n s t a b i l i t y  o f  pBR322 s i g n i f i c a n t l y  
when c lo n e d  i n t o  t h i s  v e c t o r  (Skogm an e t  a l . . 1 9 8 3 ) .
T h e re  h a s  a l s o  b e e n  e v id e n c e  t h a t  p la s m id  i n s t a b i l i t y  ca n  a r i s e  n o t  
o n ly  a s  a r e s u l t  o f  s e g r e g a t i o n a l  l o s s  b u t  a l s o  due t o  s t r u c t u r a l  
i n s t a b i l i t y .  I n s e r t i o n s  o r  d e l e t i o n s  in  th e  p la s m id  DNA r e s u l t e d  in  
an i n a b i l i t y  t o  s y n t h e s i s e  th e  d e s i r e d  f o r e i g n  p r o t e i n  y e t  re m a in in g  
c a p a b le  o f  r e p l i c a t i n g  and r e t a i n i n g  o th e r  f u n c t i o n s  su c h  as  
a n t i b i o t i c  r e s i s t a n c e s .  H o st c e l l s  p o s s e s s in g  su c h  r e -a r r a n g e d  
p la s m id s  h a v e  b e e n  fo u n d  to  p o s s e s s  a g ro w th  r a t e  a d v a n ta g e  o v e r  th e  
o r i g i n a l  tr a n s fo r m e d  c e l l s .  H e r s h f i e l d  e t  a l . .  ( 1 9 7 4 )  r e p o r te d  th e  
sp o n ta n e o u s  g e n e r a t io n  o f  a m u tan t from  a C o lE l d e r iv e d  p la s m id  
c o n t a in in g  th e  t r p  o p e ro n  and k an am ycin  r e s i s t a n c e  g e n e s  t h a t  was 
o r i g i n a l l y  m a in ta in e d  a t  a co p y  number o f  2 5 - 3 0  c o p i e s  p e r  c e l l .  
The m u tan t p la s m id  w as fo u n d  t o  b e  o n ly  1 / 7  o f  th e  s i z e  o f  th e
o r i g i n a l ,  h a v e  l o s t  b o t h  th e  t r p  and k an am ycin  r e s i s t a n c e  g e n e s  and 
t o  p o s s e s s  a co p y  number i n  e x c e s s  o f  100/ c e l l .
The g e n e r a t io n  o f  s t r u c t u r a l l y  a l t e r e d  s e g r e g a n t s  w as a l s o  fou n d  to  
h e d e p e n d e n t upon  th e  g ro w th  c o n d i t i o n s  i n  c o n t in u o u s  c u l t u r e  (G odw in  
& S l a t e r ,  1 9 7 9 ) .  I n  t h e i r  s t u d i e s ,  w it h  th e  p la s m id  pTP 120 (w h ic h  
co d ed  f o r  th e  r e s i s t a n c e  t o  t e t r a c y c l i n e ,  a m p i c i l l i n ,  s t r e p t o m y c in  
and su lp h o n a m id e ) i n  E . c o l i  grow n u n d er g lu c o s e  l i m i t a t i o n ,  o n ly  
t e t r a c y c l i n e  r e s i s t a n c e  w as l o s t  from  th e  p la s m id . U nder p h o sp h a te  
l i m i t a t i o n  h o w e v e r , r e s i s t a n c e  t o  b o th  t e t r a c y c l i n e  and a m p i c i l l i n  
w as l o s t .  The a n t i b i o t i c  s e n s i t i v e  m u ta n ts  w e re  a l l  fo u n d  to  
p o s s e s s  a g ro w th  r a t e  a d v a n ta g e  o v e r  th e  s t r a i n  t h a t  p o s s e s s e d  th e  
o r i g i n a l  p la s m id  -  i n d i c a t i n g  a g a in  th e  p o t e n t i a l  m echanism  f o r  
d om inan ce i n  c h e m o sta t  c u l t u r e .
S t r u c t u r a l l y  a l t e r e d  s e g r e g a n t s  o f  th e  p la s m id  pR SF 2124 (a n o th e r  
d e r i v a t i v e  o f  C o lE l )  w ere g e n e r a te d  when th e  p a r e n t a l  p la s m id  was 
c lo n e d  i n t o  a s t r a i n  t h a t  was d e f i c i e n t  in  th e  t r p  o p e ro n  r e p r e s s o r  
(Im an ak a  e t  a l . .  1 9 8 0 ) .  The m u ta n ts  s t i l l  p o s s e s s e d  th e  a m p i c i l l i n  
r e s i s t a n c e  g e n e s  b u t  la c k e d  th e  t r p  g e n e s  o f  th e  p a r e n t .  T h ey fou n d  
t h a t  th e  g r e a t e r  th e  a c t i v i t y  o f  th e  t r p  o p e r o n  g e n e s  a n t h r a n i la t e  
s y n t h a s e  and tr y p to p h a n  s y n t h a s e ,  th e  l a r g e r  th e  num ber o f  s t r u c t u r a l  
s e g r e g a n t s  (w it h  t h e s e  g e n e s  d e l e t e d )  t h a t  a r o s e .  F u r th e r  e v id e n c e  
t h a t  s t r u c t u r a l  i n s t a b i l i t y  c o u ld  b e  exacerbated  b y  o v e r e x p r e s s io n  o f  
p r o t e i n  and a p o s s i b l e  m echanism  f o r  i t s  a c t i o n  w as r e p o r te d  b y  Rood  
e t  a l . .  ( 1 9 8 0 ) .  I n  t h i s  c a s e  u n r e g u la t e d  o v e r e x p r e s s i o n  o f  th e
t y r o s i n e  o p e ro n  g e n e s  from  a m u lt ic o p y  p la s m id  i n  a t y r o s in e
r e p r e s s o r  d e f i c i e n t  m u ta n t E . c o l i  s t r a i n  c a u se d  p la s m id  l o s s .  T h is
l o s s  was fo u n d  t o  o c c u r  a s  a r e s u l t  o f  th e  i n s e r t i o n  o f  an I S I
e le m e n t n e a r  th e  r e g u la t o r y  r e g io n  o f  th e  t y r o s i n e  o p e ro n  c a u s in g  a
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S t r u c t u r a l  p la s m id  i n s t a b i l i t y  was n o t  s o l e l y  a s s o c i a t e d  w ith
h om olo g ou s E . c o l i  p r o t e i n s .  A tte m p ts  t o  i n c r e a s e  e x p r e s s io n  o f  
c lo n e d  U r o g a s t r o n e , i n i t i a l l y  b y  th e  u s e  o f  a h ig h e r  co p y  number 
m u ta n t and s e c o n d ly  b y  th e  u s e  o f  t r i p l e  t r p  p r o m o te rs  b o th  r e s u l t e d  
i n  g r o s s  s t r u c t u r a l  i n s t a b i l i t y  o f  th e  p la s m id  (N u g en t e t  a l . f
1 9 8 3 ) .  90% o f  th e  r e c o m b in a n ts  w ere fou n d  t o  p o s s e s s  d e l e t i o n s  and
5% p o s s e s s e d  i n s e r t i o n s .  F u r th e r  w ork u s in g  a p - i n t e r f e r o n :
- p - g a l a c t o s i d a s e  f u s i o n  u n d er t r p  c o n t r o l  show ed t h a t  r e c o m b in a n ts  
t h a t  had re d u c e d  e x p r e s s io n  w ere  c a u se d  e i t h e r  b y  a chrom osom al 
m u ta t io n  t h a t  r e s u l t e d  i n  a d rop  i n  th e  p la s m id  c o p y  number o r  by  
i n s e r t i o n s  o f  I S 1 0  e le m e n ts  i n t o  th e  p la s m id  from  th e  chrom osom e.
M a th e m a tic a l m o d e l l in g  o f  p la s m id  i n s t a b i l i t y
Many w o rk e rs  h a v e  u se d  m a th e m a tic a l  m o d e ls  t o  s i m u la t e  th e  k i n e t i c s  
o f  p la s m id  l o s s  i n  b o th  b a t c h  and c o n tin u o u s  c u l t u r e  i n  o r d e r  to
f u l l y  u n d e r s ta n d  th e  v a r i o u s  m ech an ism s and c o n t r o l s  i n  o p e r a t io n  
(K im  & R yu, 1 9 8 4 ;  O l l i s ,  1 9 8 2 ;  Im anaka Sc A ib a ,  1 9 8 1 ;  N oack  e t  a l . ,
1 9 8 4 ;  W a lm sle y  e t  a l . . 1 9 8 3 ) .  The m o d e ls  w ere  b a s e d  on th e
a s s u m p tio n s  t h a t  f i r s t l y  p la s m id  c o n t a i n in g  c e l l s  p ro d u c e
p l a s m i d - f r e e  c e l l s  a t  a c o n s t a n t  fr e q u e n c y , p r o v id e d  t h a t
p h y s i o l o g i c a l  c o n d it i o n s  a r e  a l s o  m a in ta in e d  c o n s t a n t ,  and s e c o n d ly  
t h a t  th e  p la s m id  c a n n o t b e  r e tu r n e d  t o  a p l a s m i d - f r e e  c e l l  o n ce  l o s t  
(K im  Sc R yu , 1 9 8 4 ) .
I t  h a s  b e e n  shown t h a t  t h e r e  a r e  two p r i n c i p a l  v a r i a b l e s  t h a t  a f f e c t  
th e  k i n e t i c s  o f  p la s m id  i n s t a b i l i t y  i n  E . c o l i . F i r s t l y ,  th e  
fr e q u e n c y  o f  g e n e r a t io n  o f  a p l a s m i d - f r e e  c e l l  from  a p la s m id
subsequent decrease in  the le v e l  o f  exp ression .
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c o n t a in in g  c e l l  h a s  to  b e  c o n s id e r e d . T h is  m ig h t a r i s e  due t o  some 
form  o f  i n f i d e l i t y  o f  i n h e r i t a n c e ,  p e rh a p s  due t o  som e breakdow n i n  
th e  e f f i c i e n c y  o f  p la s m id  p a r t i t i o n  o r  a n o th e r  su c h  p la s m id -h o s t  
i n t e r a c t i o n  su c h  a s  s t r u c t u r a l  r e -a r r a n g e m e n t  o f  th e  p la s m id  i t s e l f  
t h e r e b y  i n a c t i v a t i n g  th e  p la s m id  r e p l i c a t i o n  g e n e s .  Random m u ta t io n  
o f  th e  p la s m id  m ust a l s o  b e  c o n s id e r e d  in  t h i s  c o n t e x t .
S im p le  m o d e l l in g  h a s  b e e n  p e r fo r m e d  in  an a tte m p t  t o  s im u la t e  t h i s  
ty p e  o f  l o s s  (P r im r o s e  e t  a l . , 1 9 8 4 )  I n  th e  a b s e n c e  o f  any form  o f  
m echanism  t o  a s s i s t  th e  t r a n s f e r  o f  p la s m id s  to  d a u g h te r  c e l l s  upon  
c e l l  d i v i s i o n ,  th e y  p r o p o s e d  t h a t  th e  p r o b a b i l i t y  o f  g e n e r a t in g  
p l a s m i d - f r e e  c e l l s  s h o u ld  b e  d e p e n d e n t upon th e  co p y  number a t  c e l l  
d i v i s i o n  and t o  b e  g iv e n  b y  th e  f o l lo w in g  fo r m u la ;
P ( 0 )  =  2 ( l / 2 ) n  (P r im r o s e  e t  a l . r 1 9 8 4 )  (M eacock  & C oh en , 1 9 8 0 )
w h ere P ( 0 )  i s  th e  p r o b a b i l i t y  o f  a d a u g h te r  c e l l  f a i l i n g  t o  i n h e r i t  a 
p la s m id  and n  = t h e  co p y  number a t  c e l l  d i v i s i o n .  U s in g  some
r e p r e s e n t a t i v e  v a lu e s  o f  n ,  i t  was e s t a b l i s h e d  t h a t  a t  h ig h e r  cop y  
num bers th e  ch a n ce  o f  g e n e r a t in g  p l a s m i d - f r e e  c e l l s  w ere v e r y  low  
w h ile  a t  lo w e r  co p y  num bers th e  p r o b a b i l i t y  was h i g h .  I n  p r a c t i c e  
h ow ever t h i s  t h e o r y  h a s  n o t  b e e n  d e m o n s tr a te d .
Copy Number Copy Number a t  P r o b a b i l i t y  P(O')
C e l l  D i v i s i o n  ( n )  ( g e n ~ M
1 2 0 . 5
2 4  0 .1 2 5
5 1 0  0 .0 0 1 9 5
10 2 0  0 .0 0 0 0 0 1 9
The se c o n d  m a jo r  v a r i a b l e  u se d  t o  m od el th e  k i n e t i c s  o f  p la s m id  l o s s
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was t h a t  o f  th e  g ro w th  r a t e  d i f f e r e n c e  b e tw e e n  p la s m id  c o n t a in in g  
c e l l s  and p la s m id  f r e e  c e l l s  o n c e  g e n e r a t e d . The g ro w th  r a t e  
d i f f e r e n c e  o r  g ro w th  r a t i o  r e f l e c t s  th e  i n c r e a s e d  m e t a b o l ic  b u rd en  
p la c e d  upon th e  p la s m id  c o n t a in in g  c e l l s  e i t h e r  due t o  th e  
m a in te n a n c e  o f  th e  p la s m id  DNA i t s e l f  o r  th e  c o n s e q u e n c e s  t h e r e o f  
i . e .  t r a n s c r i p t i o n  and t r a n s l a t i o n  o f  a d d i t i o n a l  re c o m b in a n t p r o t e i n s .
M o st o f  th e  m o d e ls  t h a t  h a v e  b e e n  p ro d u c e d  a r e  e i t h e r  b a s e d  u p o n , o r  
a r e  s i m i l a r  t o ,  t h a t  d e v e lo p e d  b y  M oser ( 1 9 5 8 ) .  He d e s c r ib e d  th e  
g e n e t i c  i n s t a b i l i t y  o f  a b a c t e r i a l  p o p u la t io n  i n  c o n t in u o u s  c u l t u r e  
w here s p o n ta n e o u s  m u t a t io n s ,  t h a t  h ad  a s e l e c t i v e  a d v a n ta g e  o v e r  th e  
o r i g i n a l  p o p u la t i o n ,  a r o s e  and g r a d u a l ly  to o k  o v e r  th e  c u l t u r e .  In  
e a c h  m o d e l, v a lu e s  o f  th e  g ro w th  r a t e  d i f f e r e n c e  and s e g r e g a t io n a l '  
i n s t a b i l i t y  h a v e  b e e n  a s s ig n e d  t o  t h e i r  o b s e r v e d  d a t a  i n  o r d e r  to  
d e s c r i b e  th e  m ain  c a u s e  o f  th e  i n s t a b i l i t y  s e e n .
Kim & Ryu ( 1 9 8 4 )  d e m o n s tr a te d  t h a t  d i f f e r e n t  k i n e t i c  p r o f i l e s  o f  
p la s m id  l o s s  c o u ld  b e  o b t a in e d  when v a r y in g  th e  r e l a t i v e  v a lu e s  o f  
t h e i r  s e g r e g a t i o n a l  c o e f f i c i e n t  ( a )  and g ro w th  r a t i o  ( G ) .  They  
fo u n d  t h a t  b y  v a r y in g  th e  c o n c e n t r a t io n  o f  th e  in d u c e r ,  
3 - p - i n d o l e - a c r y l i c  a c i d ,  th e  s e g r e g a t i o n a l  s t a b i l i t y  o f  th e  p la s m id  
pVH5, w h ich  h a r b o u r s  g e n e s  o f  th e  tr y p to p h a n  o p e r o n , c o u ld  b e  a l t e r e d  
s i g n i f i c a n t l y .  A 10  f o l d  d e c r e a s e  in  s e g r e g a t i o n a l  s t a b i l i t y  o f  th e  
p la s m id  was c a u se d  when f u r t h e r  d e r e p r e s s i o n  o f  th e  tr y p to p h a n  o p ero n  
w as a c h ie v e d  b y  tr a n s fo r m in g  th e  p la s m id  i n t o  a t r p R E . c o l i  s t r a i n .
A m od el was d e v e lo p e d  b y  N oack  e t  a l . ( 1 9 8 4 )  t o  e v a lu a t e  th e  
p r i n c i p a l  c a u s e  o f  p la s m id  l o s s  i n  c o n t in u o u s  c u l t u r e  from  t h e i r
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p r e v i o u s ly  p u b lis h e d  d a t a .  T hey fou n d  t h a t  t h e i r  s e g r e g a t i o n a l  
c o e f f i c i e n t  ( 6)  v a r i e d  s i g n i f i c a n t l y ,  b e in g  s t r o n g l y  d e p e n d e n t upon  
d i l u t i o n  r a t e  and th e  ty p e  o f  s u b s t r a t e  l i m i t a t i o n .  The g ro w th  r a t e  
d i f f e r e n c e  ( a )  was fo u n d  t o  b e  r e l a t i v e l y  c o n s t a n t  u n d er a l l  t h e s e  
c o n d i t i o n s .
T e c h n iq u e s  t o  m a in t a in  s t a b l e  i n h e r i t a n c e  o f  re c o m b in a n t g e n e s
I n  o r d e r  t o  s y n t h e s i s e  re c o m b in a n t p r o t e i n s  in  l a r g e  q u a n t i t i e s  (o n  
an  i n d u s t r i a l  s c a l e )  th e  p r o b le m s o f  p la s m id  l o s s  h a s  h ad  t o  be  
a d d r e s s e d . S e g r e g a t io n a l  and s t r u c t u r a l  i n s t a b i l i t y ,  t o g e t h e r  w ith  
p o s s i b l e  o v e r g r o w th  b y  s u b s t r a t e  c o m p e t it iv e  p l a s m i d - f r e e  c e l l s ,  h av e  
b e e n  m in im is e d  o r  overcom e b y  a c o m b in a tio n  o f  g e n e t i c  and  
p h y s i o l o g i c a l  m e th o d s . T h is  h a s  b e e n  a c h ie v e d  e i t h e r  b y  p o s i t i v e l y  
s e l e c t i n g  f o r  p la s m id  c o n t a in in g  c e l l s  o r  b y  i d e n t i f y i n g  th e  c a u s e  o f  
th e  i n s t a b i l i t y  and r e d u c in g  i t s  e f f e c t .
The f i r s t  m ethod f o r  e n s u r in g  s t a b l e  m a in te n a n c e  o f  a p la s m id  w as to  
u s e  a n t i b i o t i c  c o n t a in in g  m e d ia , r e l y i n g  on th e  a n t i b i o t i c  r e s i s t a n c e  
g e n e  u s u a l l y  i n s t a l l e d  on th e  v e c t o r ,  t o  c o n fe r  r e s i s t a n c e  t o  p la s m id  
c o n t a in in g  c e l l s  o n l y .  The m o st common d ru g  r e s i s t a n c e s  u se d  w ere  
p e n i c i l l i n  r e s i s t a n c e  (e m p lo y in g  b a c t e r i a l  ]B -la c ta m a s e ) and  
t e t r a c y c l i n e  r e s i s t a n c e .
On a s m a l l  s c a l e ,  i n  sh a k e  f l a s k s  and n u t r i e n t  a g a r  p l a t e s ,  th e  u se  
o f  d ru g  r e s i s t a n c e  t o  s e l e c t  f o r  p la s m id  c o n t a in in g  c e l l s  c o u ld  be  
v e r y  e f f e c t i v e .  A t  a l a r g e r  s c a l e  m ore p ro b le m s  w ere  e n c o u n te r e d ,  
h o w e v e r , p a r t i c u l a r l y  w it h  th e  p e n i c i l l i n  b a s e d  r e s i s t a n c e s .  
B a c t e r i a l  p - la c t a m a s e  b r e a k s  down th e  B -la c t a m  r i n g  o f  ^ - la c t a m  
a n t i b i o t i c s  su c h  a s  p e n i c i l l i n  G , r e n d e r in g  i t  i n e f f e c t i v e  in
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d i s t u r b i n g  c e l l  w a l l  s y n t h e s i s .  P e n i c i l l i n  s e n s i t i v e  p l a s m i d - f r e e  
c e l l s  c o u ld  t h e r e f o r e  s u r v i v e  and com p ete e q u a l ly  w it h  p la s m id  
c o n t a in in g  c e l l s .  The u s e  o f  p -la c t a m a s e  r e s i s t a n t  p e n i c i l l i n s  su ch  
a s  a m p i c i l l i n  and c a r b e n i c i l l i n  im p roved  s e l e c t i o n  s l i g h t l y  b u t  s t i l l  
d id  n o t  p r e v e n t  p l a s m i d - f r e e  c e l l  g ro w th  a f t e r  th e  l a r g e  number o f  
g e n e r a t io n s  n e e d e d  t o  s c a l e  a p r o c e s s  up t o  l a r g e  fe r m e n t a t io n  
v o lu m e s . The u s e  o f  a n t i b i o t i c s  a l s o  in c r e a s e d  fe r m e n t a t io n  c o s t s  
d r a m a t i c a l l y  ( p a r t i c u l a r l y  im p o r ta n t  on  a l a r g e  s c a l e )  and made th e  
dow n stream  p r o c e s s i n g  p r o b le m s m ore d i f f i c u l t  b y  n e c e s s i t a t i n g  t h e i r  
re m o v a l f o r  r e g u la t o r y  p u r p o s e s  ( P o r t e r  e t  a l . . 1 9 9 0 ) .
A n o th e r  m ore e f f e c t i v e  m ethod f o r  p la s m id  c o n t a in in g  c e l l  s e l e c t i o n  
w i t h i n  a c u l t u r e  w as to  s u p p ly  an e s s e n t i a l  g e n e  f o r  c e l l  g ro w th  on  
th e  p la s m id . T h is  a p p r o a c h , w id e ly  u se d  i n  S .c e r e v i s i a e  g e n e t i c s  
(W a lm sle y  e t  a l . .  1 9 8 3 ) ,  w as t y p i f i e d  in  E . c o l i  b y  Skogman & N i l s o n  
( 1 9 8 4 )  who c lo n e d  th e  w i ld  ty p e  g en e f o r  v a ly l - t R N A  s y n t h e t a s e  ( v a lS )  
i n t o  a p la s m id  c a r r y in g  th e  t r p  o p e r o n . T h is  was tr a n s fo r m e d  i n t o  a 
h o s t  w hose v a l S g en e  w as te m p e r a tu r e  s e n s i t i v e  s o  t h a t  i t  was a c t i v e  
a t  3 0 °C  and i n a c t i v e  a t  3 7 ° C , T hey fo u n d  t h a t  a t  3 7 °C  th e  
p la s m id  w as i n h e r i t e d  s t a b l y  f o r  o v e r  2 0 0  g e n e r a t i o n s  w h i le  a t  3 0 °C  
th e  p la s m id  was l o s t  a t  1 . 2% p e r  g e n e r a t i o n .
P la s m id  c o n t a in in g  c e l l s  c o u ld  a l s o  h e  s e l e c t e d  f o r  b y  l y s o g e n i s i n g
th e  h o s t  c e l l  w it h  th e  b a c t e r io p h a g e  X c l9 0  w h ich  c o n ta in e d  no
r e p r e s s o r  g en e  (R o s t e c k  & H e r s h b e r g e r , 1 9 8 3 ) .  The r e p r e s s o r  g e n e ,
i n  t h i s  c a s e  th e  te m p e r a tu r e  s e n s i t i v e  c I OI_^ from  b a c t e r io p h a g eoo /
X , was i n s t e a d  c lo n e d  o n to  a p la s m id  t h a t  c o n t a in e d  th e  g en e  f o r  a 
t r p E : i n s u l i n  f u s i o n  p r o t e i n .  C e l l s  w h ich  l o s t  th e  p la s m id  d u r in g  
c u l t i v a t i o n  a l s o  l o s t  th e  r e p r e s s o r  g en e c a u s in g  th e  ly s o g e n i s e d
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p ro p h a g e  t o  e n t e r  th e  l y t i c  g ro w th  c y c l e  and c o n s e q u e n t ly  d e s t r o y  th e  
c e l l .  T h is  te c h n iq u e  w as e f f e c t i v e  su c h  t h a t  th e  p la s m id  was 
r e t a i n e d  i n  100%  o f  th e  t o t a l  p o p u la t io n  f o r  1 3 2  c u l t u r e  d o u b li n g s .  
A s i m i l a r  a p p ro a c h  h a s  b e e n  a d o p te d  h y  i n c o r p o r a t i n g  th e  SSB g e n e ,  
e s s e n t i a l  f o r  DNA r e p l i c a t i o n ,  on  th e  p la s m id  ( P o r t e r  e t  a l . . 1 9 9 0 ) .
R a th e r  th a n  u s in g  p r im a r y  s e l e c t i o n  t e c h n iq u e s ,  many w o rk e rs  h av e  
i n v e s t i g a t e d  th e  c a u s e s  o f  i n c o r r e c t  p la s m id  s e g r e g a t i o n  a t  c e l l  
d i v i s i o n .  M eacock  & Cohen ( 1 9 8 0 )  i d e n t i f i e d  a g e n e t i c  f u n c t i o n ,  
p a r , w h ich  w as r e q u ir e d  f o r  s t a b l e  m a in te n a n c e  o f  th e  low  co p y  number 
p la s m id  p S C lO l. T hey fo u n d  t h a t  re m o v a l o f  a 2 7 0  bp DNA fra g m e n t  
a d ja c e n t  t o  th e  r e p l i c a t i o n  o r i g i n  i n  w h ich  t h i s  p a r t i t i o n  f u n c t i o n  
was l o c a l i s e d ,  c a u se d  l o s s  o f  th e  p la s m id  a t  c e l l  d i v i s i o n .  When 
t h i s  p a r  f u n c t i o n  w as c lo n e d  i n t o  th e  u n s t a b le  p la s m id  pPM22 i n  th e  
c i s  o r i e n t a t i o n  t o  form  pPM 30, th e  s t a b i l i t y  w as im p roved  from  30% to  
100%  p la s m id  c o n t a in in g  c e l l s  a f t e r  1 0 0  c u l t u r e  g e n e r a t i o n s .  When 
th e  p a r  s e q u e n c e  was in t r o d u c e d  i n t o  a c o - e x i s t i n g  p la s m id  w it h  pPM22 
i n  th e  t r a n s  o r i e n t a t i o n  no b e n e f i t  was o b s e r v e d . T h is  a b i l i t y  to  
a c t  o n ly  i n  th e  c i s  c o n f i g u r a t i o n  im p lie d  t h a t  th e  lo c u s  d id  n o t  
e n co d e  a g en e  p r o d u c t  b u t  a c t e d  a s  a s p e c i f i c  DNA s i t e  f u n c t i o n a l l y  
e q u iv a le n t  t o  th e  c e n tr o m e r e  o f  e u k a r y o t ic  ch rom osom es. The p a r  
f u n c t i o n  o f  p S C lO l h a s  a l s o  b e e n  fou n d  t o  s t a b i l i s e  u n r e la t e d  p ar  
n e g a t i v e  p la s m id s  su c h  a s  pBR322 (Skogm an e t  a l . . 1 9 8 3 ) .  The a d d i t i o n  
o f  t h i s  lo c u s  t o  a pBR322 b a s e d  p la s m id  c o n t a i n in g  th e  tr y p to p h a n  
o p e ro n  g e n e s  in c r e a s e d  s t a b i l i t y  a t  l e a s t  3 - 1 0  f o l d .  The s u c c e s s  o f  
t h i s  a p p ro a ch  h a s  m eant t h a t  th e  p a r  se q u e n c e  h a s  b e e n  commonly  
in c o r p o r a t e d  i n t o  i n d u s t r i a l  re c o m b in a n t p la s m id s  t o  e n su r e  f i d e l i t y  
o f  s e g r e g a t i o n  ( G a u lc o t t  e t _ _ a l . , 1 9 8 5 ;  W r ig h t  e t  a l . .  1 9 8 6 ) .
P a r t i t i o n  f u n c t i o n s  h a v e  b e e n  o b s e r v e d  on o t h e r  p la s m id s  and h ave
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l i k e w i s e  been, in c o r p o r a t e d  i n t o  re c o m b in a n t p la s m id s .  F o r  e x a m p le , 
th e  s t a b i l i t y  lo c u s  o f  R l h a s  b e e n  in c o r p o r a t e d  i n t o  th e  ru n -aw ay  
r e p l i c a t i o n  p la s m id  pOU71 (w h ic h  was l o s t  a t  a r a t e  o f  1% p e r  
g e n e r a t i o n ) ,  to  fo rm  th e  p la s m id  pOU61 w h ich  w as s u b s e q u e n t ly  o n ly  
l o s t  a t  th e  r a t e  o f  0 .0 1 %  p e r  g e n e r a t io n  (L a r s e n  e t  a l . .  1 9 8 4 ) .  The 
s t a b i l i t y  d i f f e r e n c e  w as e a s i l y  d e m o n str a te d  a f t e r  a b a t c h  c u l t u r e  
i n d u c t io n  o f  cop y  nu m ber. P la s m id - f r e e  c e l l s  s o o n  o v e r g r e w  th e  pOU71 
c u l t u r e  b u t  n o t  when th e  c e l l s  w ere tr a n s fo r m e d  w it h  pO U 61.
An a l t e r n a t i v e  a p p ro a c h  was t o  u s e  s e q u e n c e s  o f  DNA t h a t  r e s o lv e  
p la s m id  m u lt  inters i n t o  m onom ers, th e r e b y  e n h a n c in g  th e  a p p a r e n t cop y  
num ber and in c r e a s i n g  th e  ch a n ce  t h a t  d a u g h te r  c e l l s  w ou ld  i n h e r i t  
p la s m id  DNA a t  c e l l  d i v i s i o n  (Summers & S h e r r a t t ,  1 9 8 4 ) .  T h is  c e r  
s e q u e n c e , i s o l a t e d  from  C o l E l ,  s t a b i l i s e d  pA T153 when tr a n s fo r m e d  
i n t o  a h o s t  t h a t  n o r m a lly  m a in ta in e d  p la s m id s  i n  t h e i r  m u lt im e r ic  
fo r m . I t  was th o u g h t  t h a t  c e r  fu n c t io n e d  b y  s i t e  s p e c i f i c  
r e c o m b in a t io n  c o n v e r t in g  m u lt im e r s  to  monom ers b y  r e c o m b in a tio n  
a c r o s s  a s p e c i f i c  s i t e  w i t h in  c e r .
V a r io u s  p h y s i o l o g i c a l  p a r a m e t e r s , u s u a l l y  exam in ed  in  c o n t in u o u s  
c u l t u r e ,  h a v e  b e e n  fo u n d  t o  b o t h  n e g a t i v e l y  and p o s i t i v e l y  a f f e c t  th e  
s t a b i l i t y  o f  p la s m id  i n h e r i t a n c e  a lth o u g h  no common m ech an ism s h av e  
b e e n  e s t a b l i s h e d .  An i n c r e a s e  i n  th e  s p e c i f i c  g ro w th  r a t e  h a s  b een  
fo u n d  to  im p rov e  th e  s t a b i l i t y  o f  many h ig h  and low  co p y  number 
p la s m id s .  B o th  pBR322 u n d er p h o sp h a te  l i m i t e d  g ro w th  and pH SG 415, a 
lo w  co p y  num ber v e c t o r  b a s e d  on p S C lO l, u n d er c a r b o n  l i m i t a t i o n ,  h av e  
b e e n  show n t o  b e  m ore s t a b l e  a t  h ig h e r  d i l u t i o n  r a t e s  (W o u te r s  e t  
a l . . 1 9 8 0 ;  G a u lc o t t  e t  a l . f 1 9 8 7 ) .  The p la s m id  p P L c23trp A L  h a s  a ls o  
b e e n  show n to  b e  m ore s t a b l e  a t  h ig h  g ro w th  r a t e s  d e s p i t e  a re d u ce d  
co p y  num ber and c o n s e q u e n t  i n c r e a s e  i n  th e  l i k e l i h o o d  o f  g e n e r a t in g  a
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p l a s m i d - f r e e  c e l l  ( S i e g e l  & R yu , 1 9 8 5 ) .  O th e r  p h y s i o l o g i c a l  
p a r a m e t e r s , su c h  a s  i n c u b a t io n  te m p e r a tu r e , h a v e  a l s o  b e e n  shown to  
e f f e c t  th e  p la s m id  s t a b i l i t y  o f  a c u l t u r e .  A t  a f i x e d  g ro w th  r a t e  o f  
0 . 3 0 / h r ,  pBR322 w as fo u n d  t o  b e  p r o g r e s s i v e l y  m ore u n s t a b le  a s  th e  
te m p e r a tu r e  w as in c r e a s e d  from  3 0 °C  t o  4 2 °G  (W o u te r s  e t  a l . .  
1 9 8 0 ) .  The ty p e  o f  n u t r i e n t  l i m i t a t i o n  can  a l s o  a l t e r  p la s m id  
s t a b i l i t y  a lth o u g h  th e  e f f e c t  i s  g e n e r a l l y  p la s m id  s p e c i f i c .  F or  
e x a m p le , p h o sp h a te  l i m i t a t i o n  i s  d e t r im e n t a l  t o  th e  s t a b i l i t y  o f  RP1 
( M e l l i n g  e t  a l . .  1 9 7 7 )  and pBR322 (J o n e s  & M e l l i n g ,  1 9 8 4 )  when 
com pared w it h  c a rb o n  and m agnesium  l i m i t a t i o n s  th o u g h  i t  i s  
b e n e f i c i a l  t o  th e  s t a b i l i t y  o f  pHSG415 ( C a u l c o t t  e t  a l . .  1 9 8 7 ) .  F or  
pHSG415 am m onia, p o ta s s iu m  and p h o sp h a te  l i m i t a t i o n  en h an ced  th e  
s t a b i l i t y  o v e r  b a t c h  c u l t u r e  th o u g h  s u lp h a t e  l i m i t a t i o n  w as e x tr e m e ly  
d e t r i m e n t a l .
The f i n a l  m ethod o f  l i m i t i n g  p la s m id  i n s t a b i l i t y  i s  c o n t r o l  o f  
p r o d u c t  e x p r e s s i o n .  The u n r e g u la t e d  e x p r e s s io n  o f  re c o m b in a n t  
p r o t e i n s  on  m u lt ic o p y  p la s m id s  h a s  b e e n  show n t o  r e s u l t  i n  a h ig h  
d e g r e e  o f  b o th  s e g r e g a t i o n a l  and s t r u c t u r a l  p la s m id  i n s t a b i l i t y .  
When th e  g en e  f o r  b o v in e  p ro c h y m o sin  was c lo n e d  i n t o  a h ig h  cop y  
num ber pAT153 b a s e d  v e c t o r  and c o n s t i t u t i v e l y  e x p r e s s e d  a t  a h ig h  
l e v e l ,  th e  p la s m id  was fo u n d  t o  b e  h i g h ly  u n s t a b le  and th e  c u l t u r e  
w as n o t  e v e n  c a p a b le  o f  r e a c h in g  a s t e a d y  s t a t e  i n  a c h e m o sta t  
( C a u l c o t t  e t  a l . ,  1 9 8 5 ) .  When th e  t r a n s l a t i o n a l  e f f i c i e n c y  o f  t h i s  
g en e  was re d u c e d  b y  i n c r e a s i n g  th e  d i s t a n c e  b e tw e e n  th e  S h in e -  
D a lg a rn o  s e q u e n c e  and th e  ATG t r a n s l a t i o n a l  s t a r t  c o d o n , th e  p la s m id  
was s t a b l y  m a in ta in e d  f o r  g r e a t e r  th a n  90  g e n e r a t io n s  in  c o n t in u o u s  
c u l t u r e .  C l e a r l y ,  r e g u la t e d  o r  i n d u c i b le  e x p r e s s io n  w ou ld  b e  an  
a d v a n ta g e  i n  im p ro v in g  th e  s t a b i l i t y  o f  a re c o m b in a n t v e c t o r .  O th er
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re c o m b in a n t p r o t e i n  e x p r e s s io n  (Im an ak a e t  a l . .  1 9 8 0 ;  Rood e t  a l . . 
1 9 8 0 . ,  Kim & R yu , 1 9 8 4 ) .
A s a r e s u l t  o f  t h e s e  f i n d i n g s ,  a number o f  e x p r e s s io n  v e c t o r s  h av e  
b e e n  d e v e lo p e d  t h a t  re d u c e  e x p r e s s io n  o f  th e  d e s i r e d  re c o m b in a n t  
p r o t e i n  th e r e b y  im p ro v in g  th e  s t a b i l i t y  o f  th e  v e c t o r ,  y e t  can  on 
demand h e  in d u c e d  t o  p ro d u c e  h ig h  l e v e l s  o f  p r o d u c t . T h e se  in c lu d e  
t h e  a m p l i f i a b l e  co p y  number v e c t o r s  (R ao & R o g e r s , 1 9 7 8 ;  L a r s e n  e t  
a l . ,  1 9 8 4 ;  Y a r r a n to n  e t  a l . .  1 9 8 4 )  and th e  v e c t o r s  w h ere e x p r e s s io n  
h a s  b e e n  t i g h t l y  r e g u la t e d  u s in g  p r o m o te rs  s u c h  a s  L ac l q (S n in s k y  
e t  a l . .  1 9 8 1 )  o r  th e  b a c t e r io p h a g e  X P^ and PR (Q u e e n , 1 9 8 3  ;
S i e g e l  & Ryu , 1 9 8 5 ) .
1 . 8  P h y s i o l o g i c a l  P a r a m e te r s  a f f e c t i n g  R ecom b in an t g en e  e x p r e s s io n
D e s p i t e  th e  l a r g e  amount o f  in f o r m a t io n  known a b o u t g e n e t ic
p a r a m e te r s  c a p a b le  o f  a f f e c t i n g  re c o m b in a n t g e n e  e x p r e s s io n  in  
E . c o l i . r e l a t i v e l y  l i t t l e  i s  known a b o u t th e  i n f lu e n c e  o f  th e
p h y s i o l o g i c a l  e n v ir o n m e n t.
M o st w ork h a s  c e n t r e d  upon th e  e f f e c t  o f  th e  h o s t  c e l l  g ro w th  r a t e  on 
th e  c o n s t i t u t i v e  e x p r e s s io n  o f  p r o t e i n s  in  b a t c h  c u l t u r e .  F in d in g s  
h a v e  v a r i e d ,  e v e n  f o r  e x p r e s s io n  o f  th e  sam e p r o t e i n  s o  few  b ro a d  
c o n c lu s io n s  can  b e  draw n . T h is  m ig h t b e  due t o  th e  l i m i t a t i o n s  o f  
e x p e r im e n ts  c o n d u c te d  i n  b a t c h  c u l t u r e  i n  t h a t  t o  a c h ie v e  d i f f e r i n g  
g ro w th  r a t e s ,  e i t h e r  d i f f e r e n t  c a rb o n  s o u r c e s  w ere u se d  o r  g lu c o s e  
u p ta k e  i n h i b i t o r s  s u c h  a s  a -m e t h y lg lu c o s i d e  w ere  a d d e d ,
p - la c t a m a s e  e x p r e s s e d  from  th e  p la s m id  R l was fo u n d  t o  h e e x p r e s s e d  
a t  h ig h e r  l e v e l s  a t  h ig h  g ro w th  r a t e s  d e s p i t e  a r e d u c t io n  i n  th e
workers have demonstrated the in a d v is a b i l ity  o f  unregulated
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r e l a t i v e  p la s m id  c o n t e n t  (E n g b e rg  & N o rd str o m , 1 9 7 5 )  w h i le  th e  
B -la c t a m a s e  c o n te n t  o f  c e l l s  t r a n s fo r m e d  w it h  pDM 246, a  d e r i v a t i v e  o f  
pM B l, f e l l  t o g e t h e r  w it h  th e  p la s m id  c o n te n t  a t  h ig h e r  r a t e s  (S e o  & 
B a i l e y ,  1 9 8 5 )  a s  d id  B -la c t a m a s e  from  pBR322 ( N i l s s o n  e t  a l , . 1 9 8 4 ) .
By c o n t r a s t ,  i n  c o n t in u o u s  c u l t u r e ,  c e l l s  t r a n s fo r m e d  w it h  pDM246 
show ed an optim um  g ro w th  r a t e  o f  0 . 3  h r  ^ f o r  e x p r e s s io n  o f  
p -la c t a m a s e  (S e o  & B a i l e y ,  1 9 8 6 ) .  C h em ostat c u l t u r e  a l s o  show ed  
t h a t  e x p r e s s io n  o f  a re c o m b in a n t a -a m y la s e  f e l l  w it h  in c r e a s e d  
g ro w th  r a t e  (M iz u t a n i  e t  a l . y 1 9 8 5 ) .  No s p e c i f i c  n u t r i e n t s  
a f f e c t i n g  re c o m b in a n t g en e  e x p r e s s io n  h a v e  b e e n  fo u n d  a lth o u g h  c o rn  
s t e e p  l i q u o r  h a s  b e e n  shown t o  en h an ce a -2  i n t e r f e r o n  e x p r e s s io n  a t  
a f i x e d  d i l u t i o n  r a t e  in  c h e m o sta t  c u l t u r e  (B row n e t  a l . .  1 9 8 5 ) .  
Low er g ro w th  te m p e r a tu r e s  th a n  th e  n orm al 3 7 °C  h a v e  b e e n  shown to  
i n c r e a s e  e x p r e s s io n  o f  a p - la c t a m a s e  p r e - p r o i n s u l i n  f u s i o n  p r o t e i n ,  
a lth o u g h  p r o b a b ly  a s  a r e s u l t  o f  lo w e r  p r o t e i n  tu r n o v e r  r a t e s  
(E m e r ic k  e t  a l . .  1 9 8 4 ) .  Low er te m p e r a tu r e s  h a v e  a l s o  b e e n  fou n d  to  
in c r e a s e  th e  s p e c i f i c  a c t i v i t y  o f  human ] 5 - i n t e r f e r o n  r a t h e r  th a n  th e  
t o t a l  am ount a c c u m u la te d  (M izu k am i e t  a l . .  1 9 8 6 ) .
1•9  C u ltu r e  s y s te m s  u se d  i n  s t u d y in g  re c o m b in a n t g e n e  e x p r e s s io n  
and p la s m id  s t a b i l i t y
B o th  o f  th e  two b a s i c  c u l t u r e  s y s te m s  h a v e  b e e n  u se d  t o  s tu d y  
re c o m b in a n t g en e  e x p r e s s io n  and p la s m id  s t a b i l i t y  i n  E . c o l i . f i r s t l y  
b a t c h  c u l t u r e ,  in c lu d in g  fe d  b a t c h  c u l t u r e ,  and s e c o n d ly  c o n t in u o u s  
c u l t u r e ,  in c lu d in g  m u l t i s t a g e  c o n t in u o u s  c u l t u r e .
B a tc h  c u l t u r e  h a s  b e e n  d e s c r ib e d  a s  a c l o s e d  s y s te m  w ith
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no n e t  in f lo w  o r  o u t f lo w  o f  n u t r i e n t s  from  th e  c u l t u r e  ( P i r t ,  
1 9 7 5 ) .  C o n s e q u e n t ly , f o l l o w i n g  a p e r io d  i n  w h ic h  a l l  n u t r i e n t s  a r e  
i n  e x c e s s ,  th e  g ro w th  r a t e  o f  th e  b io m a ss  f a l l s  t o  z e r o .  T h is  may be  
due t o  e i t h e r  one o r  m ore n u t r i e n t s  b ecom in g  l i m i t i n g  o r  t o  a 
b u i l d -u p  o f  i n h i b i t o r y  com p ounds. T h ere  a r e  t h r e e  b a s i c  g ro w th  
p h a s e s ,  n a m e ly , a l a g  p h a s e , a p e r io d  o f  e x p o n e n t ia l  g ro w th  and  
f i n a l l y  a s t a t i o n a r y  and d e c l i n e  p h a s e . A s s u c h , b a t c h  c u l t u r e  
r e p r e s e n t s  a se q u e n c e  o f  t r a n s i e n t  s t a t e s  w h ereb y  a s e r i e s  o f
i n t e r a c t i n g  p h y s i o l o g i c a l  f a c t o r s  c o n t r o l  th e  g ro w th  o f  th e
m ic r o o r g a n is m . T h is  o b v i o u s ly  c r e a t e s  d i f f i c u l t i e s  i n  th e  d e s ig n  
and i n t e r p r e t a t i o n  o f  e x p e r im e n ts  so  c o n d u c te d  b u t  n e v e r t h e l e s s  th e  
te c h n iq u e  h a s  b e e n  e x t e n s i v e l y  and s u c c e s s f u l l y  u se d  f o r  b o th  
e x p r e s s io n  s t u d i e s  and th e  l a r g e  s c a l e  p r o d u c t io n  o f  re c o m b in a n t  
p r o t e i n s  from  E . c o l i . B o th  c o n s t i t u t i v e  and i n d u c i b le  re c o m b in a n t  
p r o t e i n s  h a v e  b e e n  p ro d u c e d  i n  l a r g e  volu m e fe r m e n t e r s  a t  h ig h  c e l l  
d e n s i t i e s  ( C a u l c o t t  & R h o d e s , 1 9 8 6 ;  B o tte rm a n  e t  a l . .  1 9 8 5 ) .
B a tc h  c u l t u r e  h a s  a l s o  b e e n  u se d  in  th e  s tu d y  o f  p la s m id  i n s t a b i l i t y  
(Skogm an & N i l s s o n ,  1 9 8 4 )  th o u g h  t h i s  m ethod  h a s  many draw back s  
(P r im r o s e  e t  a l . . 1 9 8 4 ) .
Fed b a t c h  c u l t u r e  h a s  b e e n  u s e d  t o  a c h ie v e  in c r e a s e d  b io m a ss  (an d
th e r e b y  p r o d u c t  l e v e l s )  b y  r e d u c in g  b o th  th e  o x y g e n  u p ta k e  r a t e  and
th e  fo r m a t io n  o f  p o t e n t i a l l y  t o x i c  in t e r m e d ia t e s  s u c h  a s  sodium  
a c e t a t e .  T h is  te c h n iq u e  i n v o lv e s  th e  a d d i t i o n  o f  f r e s h  n u t r i e n t s  to  
a n u t r i e n t  d e p le t e d  c u l t u r e  so  t h a t  th e  r a t e  o f  s u b s t r a t e  
u t i l i s a t i o n ,  and h e n c e  g ro w th  r a t e ,  i s  c o n t r o l l e d .  U n lik e  
c o n tin u o u s  c u l t u r e ,  th e  volu m e o f  c u l t u r e  i n c r e a s e s  w it h  t im e  and  
o n ly  a q u a s i - s t e a d y  s t a t e  e x i s t s  ( P i r t ,  1 9 7 5 ) .  The g ro w th  r a t e  o f  
an  E . c o l i  s t r a i n  e x p r e s s in g  human a - i n t e r f e r o n  w as re d u c e d  i n  t h i s
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way and c e l l  d e n s i t i e s  o f  65 g /1  w ere a c h ie v e d  w it h o u t  m e a su r a b le  
q u a n t i t i e s  o f  a c e t a t e  b e in g  form ed  (F ie s c h k o  & R i t c h ,  1 9 8 5 ) .
I n  c o n t r a s t  t o  b a t c h  c u l t u r e ,  c o n t in u o u s  c u l t u r e  i s  d e f in e d  a s  an  
op en  s y s te m  w here f r e s h  n u t r i e n t s  a r e  s u p p l ie d  a t  a p r e -d e te r m in e d  
r a t e  and s p e n t  medium and c e l l s  a r e  rem oved a t  th e  same r a t e  to  
m a in t a in  a c o n s t a n t  v o lu m e .
G row th i s  u s u a l l y  l i m i t e d  b y  a s i n g l e  n u t r i e n t ,  a l l  o t h e r s  b e in g  in  
e x c e s s .  The c e l l s  grow  e x p o n e n t i a l l y  a t  a r a t e  d e te r m in e d  h y  th e  r a t e  
o f  d i l u t i o n  o f  f r e s h  medium pumped i n t o  th e  v e s s e l .  Thus v a r io u s  
n u t r i e n t  l i m i t a t i o n s  and o t h e r  p h y s i o l o g i c a l  c o n d i t i o n s  can  be  
im p o sed  in d e p e n d e n t ly  o f  g ro w th  r a t e ,  a l lo w in g  a v a r i e t y  o f  
e n v ir o n m e n ta l c o n d i t i o n s  t o  he e v a lu a t e d . I t s  u s e  h a s  b e e n  l e s s  
e x t e n s iv e  th a n  t h a t  o f  b a t c h  c u l t u r e  i n  re c o m b in a n t p r o t e i n  s t u d i e s  
and h a s  c e n tr e d  i n  th e  m ain  on  th e  s tu d y  o f  re c o m b in a n t p la s m id  
s t a b i l i t y  u n d er  v a r io u s  n u t r i e n t  l i m i t a t i o n s  (P r im r o s e  e t  a l . . 1 9 8 4 ;  
M e l l in g  e t  a l . ,  1 9 7 7 ) .  T h e re  a r e  h ow ever some r e p o r t s  o f  i t s  u s e  in  
th e  s tu d y  o f  re c o m b in a n t g en e  e x p r e s s io n  b u t  o n ly  w it h  c o n s t i t u t i v e  
e x p r e s s io n  s y s te m s  (S e o  & B a i l e y ,  1 9 8 6 ;  M iz u ta n i  e t  a l . . 1 9 8 5 ) .
M u l t i s t a g e  c o n t in u o u s  c u l t u r e  i s  a c h ie v e d  h y  j o i n i n g  s e v e r a l
c h e m o s ta ts  in  s e r i e s  t o  one a n o th e r  and p e r m its  d i f f e r e n t  c o n d it i o n s
to  e x i s t  in  e a ch  o f  i t s  s t a g e s  ( P i r t ,  1 9 7 5 ) .  The p r o d u c t  from  th e  
f i r s t  s t a g e  f lo w s  i n t o  th e  se c o n d  and s u b s e q u e n t  s t a g e s  t o g e t h e r  w ith  
a d d i t i o n a l  f r e s h  m e d ia  f e e d s .  The g ro w th  r a t e  i n  th e  se c o n d  s t a g e  
no lo n g e r  n e c e s s a r i l y  e q u a ls  th e  d i l u t i o n  r a t e  h u t b ecom es e q u a l to  
th e  r a t e  o f  d i l u t i o n  o f  f r e s h  m ed ia  t o  th e  c u l t u r e  p r o v id e d  t h a t  th e
o v e r a l l  b io m a ss  re m a in s  c o n s t a n t .  I t s  u s e  i n  th e  p a s t  h a s  b e e n  to
a c h ie v e  c o m p le te  u t i l i s a t i o n  o f  a v a r i e t y  o f  s u b s t r a t e s  i n  a co m p lex
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medium (J o n e s  e t  a l . .  1 9 7 3 ;  H a r te  & W ebb, 1 9 6 7 )  o r  w here a s t a b l e  
s t e a d y  s t a t e  ca n n o t b e  a c h ie v e d  i n  a s i n g l e  s t a g e  v e s s e l .  In  th e  
c o n t e x t  o f  th e  l a t t e r  c a s e  i t  h a s  b e e n  u se d  t o  s tu d y  i n d u c ib le  
re c o m b in a n t g en e  e x p r e s s io n  i n  E . c o l i  -  p r o d u c t  in d u c t io n  i n  th e  
se c o n d  s t a g e  h a s  in c r e a s e d  th e  l e n g t h  o f  t im e  o v e r  w h ich  e x p r e s s io n  
w as o b s e r v e d  when com pared t o  b a t c h  c u l t u r e  ( S i e g e l  & R yu , 1 9 8 5 ) .  
Two s t a g e  c o n t in u o u s  c u l t u r e  h a s  a l s o  b e e n  u s e d  t o  s tu d y  th e  
p r o d u c t io n  o f  human le u k o c y t e  i n t e r f e r o n  th o u g h  i n  t h i s  c a s e  
a m p i c i l l i n  was added t o  th e  s e c o n d  s t a g e  t o  e f f e c t  c e l l  l y s i s  and  
re c o m b in a n t p r o t e i n  e x t r a c t i o n  (Brow n e t  a l . f 1 9 8 5 ) .
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2.0 MATERIALS
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2 . 0  M a t e r i a l s
2 . 1  O rgan ism s
E s c h e r i c h ia  c o l i  K12 E 1 0 3 S , a m e th io n in e  a u x o tr o p h , w as o b t a in e d  from  
L . S im on , Waksman I n s t i t u t e  o f  M i c r o b io lo g y ,  New B r u n sw ic k , U .S .A .  
The s t r a i n  was made p r o t o t r o p h i c  b y  a P l  t r a n s d u c t i o n  p e r fo rm e d  b y  J .  
S ch o em a k er , D ep a rtm en t o f  M o le c u la r  G e n e t ic s ,  C e l l t e c h  L t d . ,  to  form  
E . c o l i  1 B 3 7 3 . T h is  w as tr a n s fo r m e d  b y  E .W r ig h t  and G .Y a r r a n to n  w ith  
a num ber o f  p la s m id s  f o r  u s e  i n  t h e s e  s t u d i e s .
To p r e s e r v e  e a c h  h o s t  and p la s m id  c o m b in a tio n , a s i n g l e  c o lo n y  from  a 
s e l e c t i v e  L u r ia  a g a r  ( L -a g a r )  p l a t e  was in o c u la t e d  i n t o  50  m is  o f  
L u r ia  b r o t h  ( L -b r o t h )  and grow n a t  30 °G  i n  a s h a k in g  in c u b a to r  
u n t i l  s t a t i o n a r y  p h a se  was a c h ie v e d . The c u l t u r e  w as th e n  m ix ed  w ith  
an  e q u a l volu m e o f  s t e r i l e  g l y c e r o l ,  a l i q u o t e d  i n t o  7 m l s t e r i l e  
b i j o u x  and s t o r e d  a t  - 2 0 ° C .  F or e a ch  e x p e r im e n t , s i n g l e  c o l o n i e s  
w ere p ic k e d  from  s e l e c t i v e  a g a r  p l a t e s  d e r iv e d  from  th e  s t o c k .
2 . 2  P la s m id s
The d u a l o r i g i n  p la s m id s ,  pM G171, pM G169, pM G168, pMG173 and pMG174 
tr a n s fo r m e d  i n t o  E . c o l i  1B 373 w ere a l l  o b t a in e d  fro m  G . Y a r r a n to n ,  
D ep artm en t o f  M o le c u la r  G e n e t i c s ,  C e l l t e c h  L t d .  The p la s m id  pM G171, 
a s l i g h t  m o d i f i c a t i o n  o f  pMG165 (W r ig h t  e t _ a l . ,  1 9 8 6 )  c a r r ie d  o n ly  
th e  a m p i c i l l i n  r e s i s t a n c e  g en e  p - la c t a m a s e  i n  a d d i t i o n  t o  th e  two 
o r i g i n s  o f  r e p l i c a t i o n ,  w h i le  p la s m id s  pMG169 and pMG168 c o n t a in e d  in  
a d d i t i o n  th e  c h lo r a m p h e n ic o l  a c e t y l t r a n s f e r a s e  (C A T) g en e  and th e  
b o v in e  m e t-p r o c h y m o s in  g en e  r e s p e c t i v e l y  b o t h  u n d er th e  
t r a n s c r i p t i o n a l  c o n t r o l  o f  th e  tr y p to p h a n  p ro m o te r  o p e r a t o r  (W r ig h t
-4 5 -
The p la s m id s  pMG173 and pMG174 b o th  c o n ta in e d  a CATjhuman c a l c i t o n i n  
f u s i o n  p r o t e i n  a g a in  u n d er th e  c o n t r o l  o f  th e  tr y p to p h a n  p r o m o te r . 
The p la s m id  pMG173 d i f f e r e d  fro m  pMG174 i n  t h a t  th e  l i n k i n g  amino  
a c i d s  b e tw e e n  th e  c h lo r a m p h e n ic o l  a c e t y l t r a n s f e r a s e  p r o t e i n  and th e  
c a l c i t o n i n  p e p t id e  w ere l y s i n e  and a r g in in e  r a t h e r  th a n  g lu t a m ic  a c i d .
2 . 3  M edia
L u r ia  b r o t h  ( L -b r o t h )  and L u r ia  a g a r  ( L - a g a r ) ,  u se d  f o r  r o u t in e  
in o cu lu m  p r e p a r a t io n  and v i a b l e  c o u n ts  a r e  d e s c r i b e d  i n  T a b le  2 . 1 .  
M o d i f i c a t i o n s  t o  in c lu d e  a n t i b i o t i c s  to  e n s u r e  s e l e c t i o n  f o r  th e  
p la s m id  i n  th e  tr a n s fo r m e d  h o s t  a r e  a l s o  d e s c r i b e d .  Medium  
com p on en ts w ere o b t a in e d  fro m  D i f c o  L t d . ,  E a s t  M o le s e y , S u r r e y .
The medium w as s t e r i l i s e d  by  a u t o c la v i n g  f o r  2 0  m in u te s  a t  1 2 1 ° C .  
S e l e c t i v e  medium t o  m a in t a in  th e  p la s m id  w i t h in  th e  h o s t  was p re p a re d  
h y  th e  a d d i t i o n  o f  e i t h e r  c a r b e n i c i l l i n  (p la s m id s  pMG171 and pMG168) 
o r  c h lo r a m p h e n ic o l  (p M G 1 6 9 ). C a r b e n i c i l l i n  w as d i s s o l v e d  in  
d i s t i l l e d  w a te r  and f i l t e r  s t e r i l i s e d  i n t o  th e  m edium , a f t e r  
a u t o c l a v i n g ,  t o  a f i n a l  c o n c e n t r a t io n  o f  1 0 0  m g /1 .  C h lo ra m p h e n ic o l  
was l i k e w i s e  a l s o  f i l t e r  s t e r i l i s e d  i n t o  th e  medium a f t e r  a u t o c la v in g  
e x c e p t  t h a t  i t  was made up a s  a 2% c o n c e n t r a t e  i n  e t h a n o l  and added  
t o  g iv e  a f i n a l  c o n c e n t r a t io n  o f  10 m g /1 .
et a l . . 1986). The plasm id pMG169 is  i l lu s t r a t e d  in  F ig 2 .1  .
Figure 2 .1  The Dual O rig in  Plasmid pMGlM
Lambda
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T a b le  2 . 1
L u r ia  B r o th  (A g a r }  u s e d  f o r  E . c o l i  1B 373 ( M a n ia t is  e t  a l . ,  1 9 8 2 ) .
N u t r i e n t  C o n c e n t r a t io n  ( g )
D i f c o  B a c to  T r y p to n e  1 0 .0
D i f c o  B a c to  Y e a s t  E x t r a c t  5 . 0
( D i f c o  B a c to  A g a r  1 5 .0  )
D i s t i l l e d  W a ter  t o  1 0 0 0  m i s .
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A c h e m ic a l ly  d e f in e d  m edium , SM6 , f o r  b o t h  b a t c h  and c o n tin u o u s  
c u l t u r e  o f  E . c o l i  1B 373 i s  d e s c r i b e d  i n  T a b le  2 . 2 .  E i t h e r  g l y c e r o l  
o r  g lu c o s e  was u se d  a s  a c a rb o n  s u b s t r a t e .  F or two s t a g e  c o n tin u o u s  
c u l t u r e  th e  medium d e s c r ib e d  b y  E vans e t  a l  ( 1 9 7 2 ) ,  T a b le  2 . 3 ,  was 
u s e d  t o  p r o v id e  c o n d i t i o n s  o f  c a rb o n  l i m i t a t i o n .
B o th  m e d ia  w ere s t e r i l i s e d  e i t h e r  b y  a u t o c la v in g  a t  1 2 1 °C  f o r  20  
m in u te s  ( g l u c o s e  s t e r i l i s e d  s e p a r a t e d  and added  s u b s e q u e n t ly )  o r  
f i l t e r e d  th ro u g h  a s t e r i l e  0 .2 2  pm M i l l i p a k  5 0  d i s p o s a b l e  f i l t e r  
u n i t ,  M i l l i p o r e ,  B e d fo r d , M a s s . U .S .A .
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C h e m ic a lly  d e f in e d  medium SM6 .
Table 2 .2
N u t r ie n t
B a tc h  C o n tin u o u s
C oncentration  (z )
G lu c o s e  o r  g l y c e r o l
(NH4) 2 S 04 
NaH2 P04
T r a c e  E le m e n t S o lu t i o n
A n tifo a m  (P o ly p r o p y le n e  g l y c o l  2 0 0 0 )
20.00
5 . 0 0  
6 .2 4  
10 m is  
0 .1  m l
4 .0 0
5 .0 0  
1 .5 6  
10 m is  
0 .1  m l
D i s t i l l e d  w a te r  t o  1 0 0 0  m is
SM6 T r a c e  E lem en t S o l u t i o n :
NaOH 1 5 .0
EDTA 6 0 .0
M gS04 .7 H 2 0 2 0 .0
C aC l2 .6H 2 0 5 . 0
ZnS04.4H20 2.0
MnS04 .4 H 2 0 2 . 0
CuS04 .5 H 2 0  0 . 5
C oC l2 . 6H2 0 0 .0 9 5
F eS 04 .7H 2 0 1 0 .0
H3BO4 0 . 0 3 1
Na2Mo04 0 .0 0 2
KC1 7 4 .5
D i s t i l l e d  w a te r  to  1 0 0 0  m i s .
T a b le  2 . 3
C h e m ic a lly  d e f in e d  medium a f t e r  E van s e t  a l .  ( 1 9 7 2 ’)
N u t r ie n t  ( c o n c e n t r a t e )  Volum e o f  c o n c e n t r a t e  (m is )
C arbon  L i m i t a t i o n
G lu c o s e  1 0 .  Og
2 5 .0
5 . 0
5 . 0
2.0 
2.0 
1.0
5 . 0  
0.1
10.0
A n tifo a m  (P o ly p r o p y le n e  g l y c o l  2 0 0 0 )  0 . 1
D i s t i l l e d  w a te r  to  1 0 0 0  m is .
4M NH4CI 
2M NaH2P 04 .2 H 2 0 
2M KC1
1M C i t r i c  A c id  
1M Na2S 04 .1 0 H 2 0 
0 .0 2 M  C aC l2 
0 .2 5 M  M gCl2 
0 .0 0 1 M  NaMo04
E van s T r a c e  E lem en t S o lu t i o n
E van s T r a c e  E le m e n t S o lu t i o n
N u t r i e n t  C o n c e n t r a t io n  ( g )
C o n c e n tr a te d  HC1 50  ml
ZnO 2 . 0 4
F e C l3 .6 H 2 0 2 7 .0 0
M nCl2 .4 H 2 0 1 0 .0 0
C uC l2 .2 H 2 0 0 .8 5
C oC l2 . 6H2 0 2 .3 8
H3B04 0 . 3 1
D i s t i l l e d  w a te r  t o  5 0 0 0  m l.
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2 .4  Chemicals
A l l  c h e m ic a ls  w ere  o f  A n alaR  g ra d e  s u p p l ie d  b y  e i t h e r  BDH, P o o le ,  
D o r s e t ,  o r  Sigm a C h e m ic a ls , P o o le ,  D o r s e t .  R e s t r i c t i o n  enzym es and  
r a d io n u c le o t i d e s  w ere o b t a in e d  from  Amersham I n t e r n a t i o n a l  L t d . ,  
Am ersham , B u c k in g h a m sh ir e .
N u t r ie n t  a s s a y  k i t s  f o r  g l u c o s e ,  g l y c e r o l  and a c e t i c  a c i d  w ere  
o b t a in e d  fro m  B o e h r in g e r  M annheim , M annheim , W e st G erm any. Ammonia 
k i t s  w ere o b t a in e d  from  Sigm a C h e m ic a ls , P o o le ,  D o r s e t  and k i t s  f o r  
p h o sp h o ro u s  d e t e r m in a t io n s  fro m  L a n c e r , A t h y , C ou n ty  K i l d a r e ,  
I r e l a n d .  P r o t e i n  a s s a y  d e t e r m in a t io n s  w ere  p e r fo r m e d  u s in g  th e  
B r a d fo r d  d ye b in d in g  a s s a y ,  B io r a d  L a b o r a t o r i e s ,  W a t fo r d , UK.
2 . 5  G e n e r a l A p p a ra tu s
O p t i c a l  d e n s i t y  m easu rem en ts f o r  g ro w th  c u r v e s ,  b io m a s s  e s t i m a t i o n s ,  
n u t r i e n t  a s s a y s  and c h lo r a m p h e n ic o l  a c e t y l t r a n s f e r a s e  m easu rem en ts  
w ere  made u s in g  a Pye U nicam  P U 8610 s p e c tr o p h o to m e te r  s u p p l ie d  by  
P ye -U n ica m  In s tr u m e n ts  L t d .  Y o rk  S t r e e t ,  C am b rid g e .
pH m e asu rem e n ts w ere made u s in g  a P h i l l i p s  PW 9410 pH m e te r  a ls o  
o b t a in e d  from  P ye -U n ica m  I n s tr u m e n ts  L t d .
Shake f l a s k  c u l t u r e s  w ere in c u b a te d  i n  an LH M ark X  o r b i t a l  sh a k in g  
in c u b a t o r  s u p p l ie d  b y  LH F e r m e n ta t io n , S to k e  P o g e s , B u c k in g h a m sh ir e . 
R o t a t io n  s p e e d s  o f  1 5 0  rpm w it h  a two in c h  b a s e  th ro w  w ere  u s e d .
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C u lt u r e  s u p e r n a t a n t s  and p e l l e t s  w ere c o l l e c t e d  u s in g  e i t h e r  an  
E p p e n d o rf m ic r o fu g e  5 4 1 4 ,  s u p p l ie d  h y  A nderm an, E a s t  M o le s e y , S u r r e y  
o r  a Beckman J 6B c e n t r i f u g e  from  Beckman I n s tr u m e n ts  L t d . ,  H igh  
W ycom be, B u c k in g h a m sh ir e .
2 . 6  F e r m e n ta t io n  E quipm ent
8 l i t r e  fe r m e n t a t io n s  w ere p e r fo rm e d  i n  an L H 2000 s e r i e s  fe r m e n te r  
( 1 2  l i t r e  t o t a l  v o lu m e ) s u p p l ie d  b y  LH F e r m e n t a t io n , S to k e  P o g e s ,  
B u c k in g h a m sh ir e . S m a lle r  s c a l e  fe r m e n t a t io n s  i n  th e  ra n g e  1 - 2  
l i t r e s  w ere p e r fo rm e d  i n  MBR m in i b i o r e a c t o r s  s u p p l ie d  b y  MBR AG, 
Z u r ic h , S w i t z e r la n d . N u t r ie n t  fe e d  pum ps, G i l s o n  M in ip u ls  H F /2 ,  
w ere  s u p p l ie d  b y  Anachem L t d . ,  L u to n , B e d f o r d s h ir e .
F e r m e n ta t io n  te m p e r a tu r e s  w ere ch e c k e d  u s in g  a Comark M ic r o p r o c e s s o r  
Therm om eter 6 9 0 0  s u p p l ie d  h y  Comark E l e c t r o n i c s ,  R u s s in g t o n , S u s s e x .
F e r m e n ta t io n  o f f  g a s  w as i n i t i a l l y  a n a ly s e d  b y  a B io e n g in e e r in g  Gas 
A n a ly s e r  s u p p l ie d  by  B io e n g in e e r in g  AG, S w it z e r la n d  w h ich  
in c o r p o r a t e d  a S y b ro n  T a y lo r  Servom ex 5 4 0  A o x y g e n  a n a ly s e r  and a 
L e y b o ld  H e raeu s B in o s  1 c a rb o n  d i o x id e  a n a l y s e r .  L a t e r  a VG MM8-80S  
fe r m e n t a t io n  g a s  m ass s p e c tr o p h o to m e te r  was u se d  s u p p l ie d  hy VG Gas 
A n a l y s i s  L t d . ,  W in s f o r d , C h e s h ir e .
F e r m e n ta t io n  p a r a m e te r s  su c h  a s  pH, DOT, t e m p e r a tu r e , s t i r r e r  s p e e d ,  
a i r  f lo w  r a t e  and g a s  a n a l y s i s  d a ta  w ere r e c o r d e d  u s in g  an IBM 
p e r s o n a l  com p u ter and s o f t w a r e  d e v e lo p e d  b y  P h y s i o l o g i c ,  N ew bury, 
B e r k s h i r e .  D a ta  w ere  t a b u la t e d  and f u r t h e r  c a l c u l a t i o n s  p e r fo rm e d  
on  an IBM ATE u s in g  i n t e g r a t e d  s o ft w a r e  fro m  L o tu s  D e v e lo p m e n t,
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W in d s o r , B e r k s h ir e .
2 . 7  E . c o l i  C e l l  D i lu e n t
SMS B u f f e r  S a l t s
Na2HP04 7 . 0 g
KHLPO. 3 . 0
2 4
D i s t i l l e d  W a ter  1 0 0 0  m is
pH 7 . 0
The b u f f e r  w as s t e r i l i s e d  b y  a u t o c la v i n g  a t  1 2 1 °C  f o r  2 0  m in u te s ,
2 . 8  B a c t e r i a l  I d e n t i f i c a t i o n
E . c o l i  1B 373 w as d i f f e r e n t i a t e d  from  o th e r  E . c o l i  s t r a i n s  and  
fe r m e n t a t io n  c o n ta m in a n ts  u s in g  B io c h e m ic a l  I d e n t i f i c a t i o n  s t r i p s  
Type API 20E s u p p l ie d  by  API L a b o r a to r y  P r o d u c ts  L t d . ,  B a s in g s t o k e ,  
H a m p sh ire .
3.0 EXPERIMENTAL
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3 . 1  A s tu d y  on th e  u s e  o f  th e  d u a l o r i g i n  v e c t o r  s y s te m  f o r  th e  
e x p r e s s io n  o f  re c o m b in a n t p r o t e i n s  i n  E . c o l i
Summary
I n  o r d e r  t o  a c h ie v e  s t a b l e ,  r e l i a b l e  and c o n t r o l l e d  re c o m b in a n t  
p r o t e i n  e x p r e s s io n ,  a n o v e l  v e c t o r  s y s te m  w as d e v e lo p e d . The 
p la s m id  was d e s ig n e d  so  t h a t  i t  c o u ld  b e  m a in ta in e d  a t  low  cop y  
num ber w it h  t i g h t l y  r e g u la t e d  e x p r e s s io n  and th e n  s h i f t e d  t o  h ig h  
co p y  number t o  a c h ie v e  m axim al l e v e l s  o f  p r o t e i n  e x p r e s s io n  when 
r e q u ir e d .  T h is  s y s te m , known a s  th e  d u a l o r i g i n  v e c t o r  s y s te m , was 
e v a lu a t e d  u n d er f e r m e n t a t io n  c o n d i t i o n s  f o r  i t s  a b i l i t y  t o  d i r e c t  th e  
e x p r e s s io n  o f  a v a r i e t y  o f  p r o t e i n s  a t  a h ig h  r a t e  o f  s y n t h e s i s .  A 
te m p e r a tu r e  s h i f t  from  30  t o  4 2 °C  in c r e a s e d  b o t h  p la s m id  cop y  
number and p r o t e i n  e x p r e s s io n  r a t e s  to  m axim al l e v e l s  w i t h in  4 - 5  
h o u r s .  B o th  e le v a t e d  co p y  number and p r o t e i n  e x p r e s s io n  w ere fou n d  
h o w e v e r , t o  a d v e r s e ly  e f f e c t  c e l l  g ro w th . A f t e r  i n d u c t i o n  b o th  th e  
c e l l  g ro w th  r a t e  and o x y g e n  u p ta k e  r a t e  w ere  i n h i b i t e d  d e s p i t e  an  
e x c e s s  o f  a l l  n u t r i e n t  s u b s t r a t e s .  I n d i v id u a l  c e l l s  had a re d u ce d  
a b i l i t y  t o  form  a c o lo n y  on  a n u t r i e n t  a g a r  p l a t e  a f t e r  i n d u c t i o n .  
Some e v id e n c e  o f  c o m p e t it io n  b e tw e e n  c o -e x p r e s s e d  p r o t e i n s  was n o te d  
-  e x p r e s s io n  o f  th e  ^ - la c t a m a s e  p r o t e i n  w as i n h i b i t e d  when 
c o -e x p r e s s e d  w it h  a CAT-hCT f u s i o n  p r o t e i n  w hose t r a n s c r i p t i o n  was 
r e g u la t e d  b y  th e  t r p  p r o m o te r .
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3 .1 .1  In trod u ction
The econ o m ic  p r o d u c t io n  o f  re c o m b in a n t p r o t e in s  fro m  E . c o l i  on a 
l a r g e  s c a l e  r e q u ir e d  hn e x p r e s s io n  v e c t o r  c a p a b le  o f  m e d ia t in g  h ig h  
l e v e l  p r o t e i n  e x p r e s s io n  w it h o u t  s i g n i f i c a n t  p la s m id  l o s s  o r  
s t r u c t u r a l  a l t e r a t i o n s .  A r e p r o d u c ib le  f e r m e n t a t io n , u s in g  cheap  
m e d ia  in  d e f in e d  c o n d i t i o n s ,  t o g e t h e r  w ith  a c e l l  s t r a i n  w it h  good  
g ro w th  c h a r a c t e r i s t i c s  h a v e  a l s o  b e e n  shown t o  b e  im p o r t a n t . T h e se  
r e q u ir e m e n ts  h a v e  le d  t o  th e  d e v e lo p m e n t o f  e x p r e s s io n  s y s te m s  t h a t  
r e g u la t e d  p r o t e i n  e x p r e s s io n  t i g h t l y ,  p r i n c i p a l l y  b e c a u s e  h ig h  l e v e l s  
o f  c o n s t i t u t i v e  e x p r e s s io n  w ere fou n d  to  a d v e r s e ly  e f f e c t  th e  c e l l  
g ro w th  r a t e  and r e s u l t e d  i n  fo rm s o f  p la s m id  i n s t a b i l i t y  ( C a r r i e r ,  e t  
a l . . 1 9 8 3 ;  C a u lc o t t  & R h o d e s , 1 9 8 6 ) .  E x p r e s s io n  r e g u l a t i o n  h as
b e e n  a c h ie v e d  a t  th e  t r a n s c r i p t i o n a l  l e v e l  th ro u g h  u s e  o f  e i t h e r  
m e t a b o l ic  p r o m o te rs  su c h  a s  t r p  and l a c  o r  th e  te m p e r a tu r e  s e n s i t i v e  
p r o m o te rs  su c h  a s  th e  b a c t e r io p h a g e  X PT and P . The l a t t e rJL» K
p r o m o te rs  h a v e  b e e n  fo u n d  t o  b e  th e  m ost e f f e c t i v e  i n  e n s u r in g  t i g h t  
r e g u l a t i o n  y e t  s t i l l  c a p a b le  o f  d i r e c t i n g  h ig h  l e v e l  t r a n s c r i p t i o n  
when r e q u ir e d .  (Q u e e n , 1 9 8 3 ;  S im ons e t  a l . .  1 9 8 4 ;  O ehm ichen e t  a l . .
1 9 8 4 ) .
C o n t r o l  o f  e x p r e s s io n  h a s  a l s o  b e e n  a c h ie v e d  b y  th e  u s e  o f  v a r i a b l e  
co p y  number p la s m id s  (R ao & R o g e r s , 1 9 7 8 ;  U h lin  e t  a l . .  1 9 7 9 ;  L a r s e n  
e t  a l . .  1 9 8 4 ) .  I n c r e a s e d  co p y  number was a c h ie v e d  on  dem and, 
u s u a l l y  b y  m eans o f  a te m p e r a tu r e  s w i t c h .  The u s e  o f  lo w e r  cop y  
number v e c t o r s  h a s  a l s o  b e e n  shown t o  re d u c e  th e  m e t a b o l ic  b u rd e n  on  
th e  c e l l  and h e n c e  i n c r e a s e  th e  maximum s p e c i f i c  g ro w th  r a t e  (S e o  & 
B a i l e y ,  1 9 8 5 ) .
-5 7 -
A n o v e l  v e c t o r  s y s te m  w as d e s ig n e d  and c o n s t r u c t e d  t o  f u l f i l l  a l l  th e  
c r i t e r i a  f o r  s u c c e s s f u l  p r o d u c t io n  o f  re c o m b in a n t p r o t e i n s  i n  E . c o l i  
(Y a r r a n to n  e t  a l . ,  1 9 8 4 ;  W r ig h t  e t  a l . ,  1 9 8 6 ) .  The p la s m id , known 
a s  th e  d u a l o r i g i n  v e c t o r  pM G165, p o s s e s s e d  two o r i g i n s  o f  
r e p l i c a t i o n .  The f i r s t  o r i g i n ,  d e r iv e d  from  p S C lO l (M eacock  & 
C oh en , 1 9 8 0 )  m a in ta in e d  th e  p la s m id  a t  a co p y  number o f  fo u r  p e r  h o s t  
chrom osom e (Y a r r a n to n  e t  a l . , 1 9 8 4 ) .  An a s s o c i a t e d  p a r  se q u e n c e  was 
u t i l i s e d ,  a g a in  from  p S C lO l, t o  e n su r e  s t a b l e  p la s m id  i n h e r i t a n c e .
The se c o n d  o r i g i n  was d e r iv e d  from  th e  h ig h  co p y  number p la s m id
pA T153 (T w ig g  & S h e r r a t t ,  1 9 8 0 )  a lth o u g h  th e  p ro m o te r  f o r  th e  DNA
r e p l i c a t i o n  p r im e r  had b e e n  r e p la c e d  b y  th e  b a c t e r io p h a g e  XPR
p ro m o te r  w h ich  i n  tu r n  was c o n t r o l l e d  b y  th e  te m p e r a tu r e  s e n s i t i v e
c l ’  p r o t e i n .  Thus a t  n on  r e p r e s s in g  t e m p e r a t u r e s , e . g .  4 2 ° C ,  
o57
th e  p la s m id  r e p l i c a t e d  from  th e  se c o n d  o r i g i n  a t  a co p y  number o f  up 
t o  2 0 0  -  3 0 0  c o p i e s  p e r  h o s t  chrom osom e (W r ig h t  e t  a l . .  1 9 8 6 ) .  A ls o  
in c o r p o r a t e d  i n t o  th e  p la s m id  w as th e  pBR322 a m p i c i l l i n  r e s i s t a n c e  
g e n e , c o d in g  f o r  th e  p - la c t a m a s e  p r o t e i n ,  t o  a c t  a s  a s e l e c t a b l e  
m a r k e r . In  o r d e r  t o  rem ove a d e g r e e  o f  i n t e r n a l  DNA h om olo g y  th e  
p la s m id  pMG171 was d e r iv e d  from  pMG165 (E .M . W r i g h t ,  p e r s o n a l  
c o m m u n ic a tio n ) .
E x p r e s s io n  c a s s e t t e s ,  e a ch  c o n s i s t i n g  o f  a re c o m b in a n t g e n e  u n d er  th e  
c o n t r o l  o f  th e  t r p  p r o m o te r , w ere i n s e r t e d  i n t o  th e  p la s m id  
pM G165/pM G171 t o  form  a f a m i ly  o f  re c o m b in a n t p r o t e i n  e x p r e s s in g  
p la s m id s .  The c a l f  m e t-p r o c h y m o s in  g en e  from  E . c o l i  HB101 pCT70 
(E m tage e t  a l . .  1 9 8 3 )  w as i n s e r t e d  i n t o  th e  d u a l o r i g i n  v e c t o r  to  
form  th e  p la s m id  pMG168 (W r ig h t  e t  a l . .  1 9 8 6 ) .  The p la s m id s  pMG173 
and pMG174 e a c h  c o n t a in e d  a g en e f o r  a c h lo r a m p h e n ic o l
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a c e t y l t r a n s f e r a s e  (C A T ) : human c a l c i t o n i n  f u s i o n  p r o t e i n  and
d i f f e r e d  o n ly  i n  th e  l i n k e r  b e f o r e  th e  c a l c i t o n i n  p e p t i d e .
The s t a b i l i t y  o f  b o th  pMG165 and pM G168, when t r a n s fo r m e d  i n t o  E . c o l i  
R V 308 , was e s t a b l i s h e d  i n  c a rb o n  l i m i t e d  c o n t in u o u s  c u l t u r e  a t  3 0 °C  
w it h  a d i l u t i o n  r a t e  o f  0 . 1 6 / h r  ( C a u lc o t t  e t  a l . .  1 9 8 5 ) .  B oth  
p la s m id s  w ere fo u n d  t o  b e  100%  s t a b l e  f o r  70  g e n e r a t i o n s  i n  th e  
p r e s e n c e  o f  t r y p to p h a n  and f o r  a fu r t h e r  45  g e n e r a t io n s  i n  th e  
a b s e n c e  o f  t r y p to p h a n .
D e s p i t e  s i g n i f i c a n t  am ounts o f  r e s e a r c h  on th e  g e n e t i c s  and s t a b i l i t y  
o f  t h e s e  v e c t o r s ,  r e l a t i v e l y  l i t t l e  i s  known a b o u t th e  e f f e c t  o f  
p r o t e i n  i n d u c t i o n  and s u b s t r a t e  u t i l i s a t i o n .  T h is  s e c t i o n  d e s c r i b e s  
th e  e f f e c t  o f  co p y  number a m p l i f i c a t i o n  o f  pM G165/pM G171 d e r iv e d  
p la s m id s  on  e x p r e s s io n  o f  t h e i r  r e s p e c t i v e  re c o m b in a n t p r o t e in s  and  
th e  s u b s e q u e n t  c e l l  g ro w th  i n  b a t c h  c u l t u r e .
3 . 1 . 2  M eth ods
3 . 1 . 2 . 1  M easurem ent o f  C u lt u r e  B iom ass
The t u r b i d i t y  o f  E . c o l i  c e l l  s u s p e n s io n s  w as m e asu red  b y  a b so r b a n c e  
a t  6 0 0  nm i n  a s p e c tr o p h o t o m e t e r . The in s tr u m e n t  w as z e r o e d  a g a in s t  
a d i s t i l l e d  w a te r  b la n k  and th e  sa m p le  d i l u t e d  w it h  d i s t i l l e d  w a te r  
t o  g i v e  an a b s o r b a n c e  o f  no g r e a t e r  th a n  0 . 5 ,  a v a lu e  b e lo w  w h ich  
l i n e a r i t y  was a c h ie v e d .
The o p t i c a l  d e n s i t y  o f  th e  c u l t u r e  was c o r r e l a t e d  w it h  d r y  c e l l  
w e ig h t  b y  th e  c e n t r i f u g a t i o n ,  a t  7 0 0 0  g f o r  15 m in u t e s , o f  known 
v o lu m e s o f  sa m p le s  fro m  a f e r m e n t a t io n . The c e l l  p e l l e t s  w ere  
w ashed w it h  d i s t i l l e d  w a t e r , r e - c e n t r i f u g e d  and th e n  d r ie d  a t  1 0 5 °C  
t o  c o n s t a n t  w e ig h t .
3 . 1 . 2 . 2  V i a b l e  C ou n ts
S a m p les w ere rem oved from  th e  c u l t u r e  and d i l u t e d  w it h  1 0  f o l d
3
d i l u t i o n s  i n  SM5 b u f f e r  s a l t s  t o  g i v e  a p p r o x im a te ly  10  c e l l s / m l .
0 . 1  m l o f  th e  f i n a l  d i l u t i o n  w as s p r e a d  o n to  an  o v e n  d r ie d  L -a g a r  
p l a t e s ,  in c u b a te d  f o r  2 4 - 3 6  h o u r s  a t  3 0 °C  and th e  number o f  
c o l o n i e s  c o u n te d .
3 . 1 . 2 . 3  N u t r ie n t  A s s a y s
C u lt u r e  s u s p e n s io n s  w ere sp u n  i n  1 . 5  m l c e n t r i f u g e  tu b e s  a t  1 3 ,0 0 0  g 
f o r  4  m in u t e s . The c u l t u r e  s u p e r n a ta n t  was d e c a n te d  and s t o r e d  a t  
- 2 0 ° C  u n t i l  u s e .
N u t r ie n t  a s s a y s  ( g l u c o s e ,  am m onia, p h o s p h a te )  w ere  p e r fo rm e d  on  
s u p e r n a t a n t s  a c c o r d in g  t o  th e  k i t  m a n u fa c t u r e r 's  i n s t r u c t i o n s ( 2 . 4 ) .
3 . 1 . 2 . 4  p -la c t a m a s e  a s s a y
A m o d i f i c a t i o n  o f  th e  m ethod o f  S a r g e n t  ( 1 9 6 8 )  w as u s e d . A q u a n t i t y  
o f  c e l l s  e q u a l t o  1 m l o f  an 0DgQQ 1 * 0  c u l t u r e  w as sp u n  a t  1 3 ,0 0 0  
g ,  th e  s u p e r n a ta n t  d is c a r d e d  and s t o r e d  a t  - 2 0 ° C .  The J S -la cta m a se  
t i t r e  was d e te r m in e d  b y  f i r s t l y  r e s u s p e n d in g  (a n d  d i l u t i n g  as
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r e q u ir e d )  th e  c e l l  p e l l e t  i n  0 .1 M  sodiu m  p h o s p h a te  b u f f e r  pH 6 . 5 .  
0 . 5  m l o f  sa m p le  w as m ix ed  w it h  0 . 1  m l o f  a 2 0  K lU /m l P e n i c i l l i n  G 
s o l u t i o n  and in c u b a te d  a t  3 0 °C  f o r  30 m in u t e s . A b u f f e r  b la n k  was 
s i m i l a r l y  p r e p a r e d . 1 .0  m l o f  a s o l u t i o n  o f  0 .0 1 6 M  i o d i n e  and 0 .0 6 M  
p o ta s s iu m  i o d i d e  d i s s o l v e d  i n  a 0 .4 9 M  sod iu m  a c e t a t e  b u f f e r  pH 4 . 0  
w as a d d e d . The m ix tu r e  was f u r t h e r  in c u b a te d  a t  room te m p e ra tu r e  
f o r  10  m in u t e s . Any p r e c i p i t a t e  form ed  was th e n  rem oved by  
c e n t r i f u g a t i o n  a t  1 3 ,0 0 0  g and th e  a b so r b a n c e  o f  b o t h  th e  sa m p le  and  
b la n k  s u p e r n a t a n t s  was m easu red  a t  4 9 0  nm.
The d i f f e r e n c e  b e tw e e n  b la n k  and sa m p le  was m u l t i p l i e d  b y  a c o n s ta n t  
0 .0 3 5 5  t o  g i v e  th e  num ber o f  u n i t s  o f  p - la c t a m a s e  i n  th e  o r i g i n a l  
s a m p le . T h is  c o n s t a n t  was d e te r m in e d  from  a c a l i b r a t i o n  l i n e  o f  
E . c o l i  p - la c t a m a s e  a g a i n s t  A0D4 9 Q . A u n i t  o f  p - la c t a m a s e  h a s  
b e e n  d e f in e d  a s  th e  q u a n t i t y  o f  enzym e c a p a b le  o f  h y d r o ly s in g  1 \x
m ol o f  b e n z y l  p e n i c i l l i n  p e r  h o u r .
3 . 1 . 2 . 5  P la s m id  S t a b i l i t y  D e te r m in a t io n
The p r o p o r t io n  o f  p la s m id  c o n t a in in g  c e l l s  i n  a c u l t u r e  was 
d e te r m in e d  b y  p ic k i n g  1 0 0  c o l o n i e s  from  a L u r ia  a g a r  p l a t e  f i r s t l y  to  
a s e l e c t i v e  L a g a r  p l a t e  and s e c o n d ly  t o  a n on  s e l e c t i v e  p l a t e .  An 
E . c o l i  s t r a i n  known t o  b e  p - la c t a m a s e  f r e e  and a n t i b i o t i c  s e n s i t i v e  
was p ic k e d  o n to  b o th  p l a t e s  a s  a c o n t r o l .
The p l a t e s  w ere in c u b a te d  a t  3 0 °C  f o r  2 4 -3 6  h o u r s  a f t e r  w h ich  th e  
p r o p o r t io n  f o r  p la s m id  c o n t a i n in g  c e l l s  was c a l c u l a t e d  b y  d i v i d in g  
th e  number o f  c o l o n i e s  on  th e  s e l e c t i v e  p l a t e  b y  t h o s e  on th e  non
s e l e c t i v e  p l a t e  and e x p r e s s in g  th e  r e s u l t  a s  a p e r c e n t a g e .
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3 .1 .2 .6  Plasmid DNA content determ inations
The p la s m id  DNA c o n t e n t  a t  3 0 °C  and 4 2 °C  w as d e te r m in e d  u s in g  th e
m e th o d s o f  W r ig h t  e t  a l . .  ( 1 9 8 6 ) .  P la sm id  DNA w as f i r s t  i s o l a t e d
fro m  a f r o z e n  p e l l e t  d e r iv e d  from  th e  e q u i v a le n t  o f  1 m l o f  an
0 D ^ „„  2 . 0  c u l t u r e  u s in g  th e  m ethod o f  I s h -H o r o w ic z  & Burke
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( 1 9 8 1 ) .  The p la s m id  DNA c o n t e n t  o f  sa m p le s  c o u ld  h e  v i s u a l i s e d  by
e l e c t r o p h o r e s i s  on  a 0 .7 %  a g a r o s e  g e l  a t  100V  f o r  6 h o u r s ,  s t a i n i n g
i n  a 2 m g/m l E th id iu m  B rom ide s o l u t i o n  f o r  10  m in u te s  and s u b s e q u e n t  
e x p o s u r e  t o  UV l i g h t .
F u r th e r  q u a n t i t a t i o n  in v o lv e d  u s e  o f  th e  " d o t "  h y b r i d i s a t i o n  m ethod
(W r ig h t  e t  a l . .  1 9 8 6 ) .  E ach  sa m p le  was t r e a t e d  w it h  r ib o n u c le a s e  A
and Bam HI e n d o n u c le a s e  t o  l i n e a r i s e  th e  DNA and rem ove any RNA t h a t
m ig h t c r o s s  r e a c t  w ith  th e  p r o b e . The DNA was h e a t  d e n a tu r e d  b y
b o i l i n g  f o r  3 m in u te s  th e n  p r e d e te r m in e d  am ounts t o  g i v e  a l i n e a r
r e s p o n s e  w e re  s p o t t e d  o n to  a n i t r o c e l l u l o s e  f i l t e r  and f i n a l l y  bak ed
f o r  2 h o u r s  a t  8 0 ° C . The f i l t e r  was th e n  so a k e d  i n  a 50%
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form am id e 2 x  SSC b u f f e r  c o n t a i n in g  a n ic k  t r a n s l a t e d  [ P] p la s m id  
DNA p ro b e  (M a n ia t is  e t  a l . .  1 9 8 2 )  and in c u b a te d  a t  3 7 °C  o v e r n ig h t  
t o  h y b r i d i s e  p ro b e  and sa m p le  DNA. An o r b i t a l  s h a k e r  was u se d  to  
e n s u r e  an e v e n  d i s t r i b u t i o n  o f  s o a k in g  s o l u t i o n  o v e r  th e  f i l t e r .  1 
x  SSC b u f f e r  c o n s i s t e d  o f  0 .1 5 M  N aCl and 0 .0 1 5 M  Na3 c i t r a t e  pH 
7 . 6 .  The f i l t e r  was th e n  w ash ed  f i r s t l y  i n  50% fo rm a m id e , 2 x  SSC 
b u f f e r  and f i n a l l y  i n  j u s t  2 x  SSC b u f f e r  a t  3 7 °C  t o  rem ove  
n o n - s p e c i f i c a l l y  bound p r o b e . The f i l t e r  w as th e n  a i r  d r ie d  and  
e a c h  s p o t  c u t  o u t  and p la c e d  i n  a Beckman l i q u i d  s c i n t i l l a t i o n  
c o u n te r  t o  m easu re  th e  l e v e l  o f  r a d i o a c t i v i t y .  V a r y in g  am ounts o f  
DNA w ere  lo a d e d  s o  t h a t  a l i n e a r  r e s p o n s e  b e tw e e n  DNA bound t o  th e
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f i l t e r  and h y b r i d i s i n g  p r o b e  w as o b t a i n e d . The DNA c o n t e n t  was 
e x p r e s s e d  a s  th e  b a ck g ro u n d  c o u n t s u b t r a c t e d  fro m  th e  number o f  
c o u n t s /m i n /p l  o f  sa m p le  lo a d e d .
3 . 1 . 2 . 7  P r o t e i n  C o m p o s it io n  o f  E . c o l i
E x p r e s s io n  o f  re c o m b in a n t p r o t e i n s  was m easu red  b y  sod iu m  d o d e c y l
s u lp h a t e  (S D S ) -  1 2 .5  % p o ly a c r y la m id e  g e l  e l e c t r o p h o r e s i s  a f t e r  th e  
m ethod o f  Laem m li ( 1 9 7 0 ) .
A q u a n t i t y  o f  c e l l s  e q u a l t o  1 m l o f  an OD 6 . 0  c u l t u r e ,  p r e v io u s ly  
f r o z e n  a t  - 20° C ,  was thaw ed and re su sp e n d e d  i n  100 p i  d i s t i l l e d  
w a t e r .  1 0  p i  w as added t o  9 0  p i  o f  a sa m p le  b u f f e r  c o n s i s t i n g  
o f  20% g l y c e r o l ,  10% 2 -m e r c a p t o e t h a n o l ,  6% SDS and 0 .0 5 %  brom op h en ol 
b lu e  m ixed  i n  a 0 .1 2  M T r i s  HC1 b u f f e r  pH 6 . 8 . The sa m p le  w as th e n
b o i l e d  f o r  5 m in u t e s , 1 5 - 2 0  p i  lo a d e d  o n to  th e  g e l  and  
e le c t r o p h o r e s e d  a t  35  mA f o r  4 - 5  h o u r s .
M o le c u la r  w e ig h t  m a r k e r s , when u s e d , c o n s i s t e d  o f  1 4 .4  kD
a lp h a - l a c t a l b u m i n ,  2 0  kD S o yb e an  T r y p s in  I n h i b i t o r ,  30  kD C a r b o n ic  
A n h y d r a s e , 4 3  kD O v a lb u m in , 67 kD B o v in e  serum  a lb u m in  and 9 4  kD
P h o s p h o r y la s e , w ere  s u p p l ie d  b y  P h arm acia  AB, U p p s a la , Sw eden.
The g e l  w as s t a i n e d  f o r  2 h o u r s  i n  f r e s h  0 .2 %  C o o m a ssie  b l u e ,  25%  
m e th a n o l and 10% A c e t i c  a c id  s o l u t i o n  and d e s t a in e d  i n  a s o l u t i o n  o f  
10% a c e t i c  a c id  and 10% m e th a n o l.
The g e l  w as sc a n n e d  t o  d e te r m in e  th e  r e l a t i v e  p r o p o r t io n  o f  
p a r t i c u l a r  p r o t e i n s  u s in g  a J o y c e  L o e b l C hrom oscan  3 s e t  to  a
wavelength o f  530 nm w ith  a s l i t  w idth o f  0 .1  cm.
3 .1 .2 .8  Ferm entation Inoculum prep aration
E . c o l i  s t r a i n s  w ere r e v iv e d  from  g l y c e r o l  s u s p e n s io n s  s t o r e d  a t  
- 2 0 ° C  b y  s p r e a d in g  a 0 . 1  ml a l i q u o t  o n to  c a r b e n i c i l l i n  c o n t a in in g
L -a g a r  and in c u b a t in g  a t  3 0 °C  f o r  2 4 -3 6  h o u r s .  A s i n g l e  c o lo n y  
w as th e n  t r a n s f e r r e d  t o  50  m is o f  s t e r i l e  L -b o t h  i n  a 2 5 0  m l b a f f l e d  
c o n i c a l  f l a s k  and f u r t h e r  in c u b a te d  i n  an o r b i t a l  s h a k e r  a t  30 °G
f o r  2 4  h o u r s .  The c u l t u r e  was th e n  t r a n s f e r r e d  i n t o  th e
p r e - s t e r i l i s e d  fe r m e n t a t io n  v e s s e l .
3 . 1 . 2 . 9  B a tc h  C u lt u r e  F e r m e n ta t io n
SM6 medium c o n t a in in g  20  g /1  g l y c e r o l  a s  c a r b o n  s o u r c e  was p r e p a r e d  
and s t e r i l i s e d  w i t h in  th e  fe r m e n t a t io n  v e s s e l  f o r  30  m in u te s  a t  
1 2 1 °C  a c c o r d in g  t o  th e  m a n u fa c t u r e r 's  i n s t r u c t i o n s .  S t e r i l e  a i r  
l i n e s  and a P i r b r i g h t  s a m p lin g  h ood  w ere a s e p t i c a l l y  a t t a c h e d  once  
th e  fe r m e n te r  was c o o le d .  The pH and te m p e r a tu r e  a m p l i f i e r s  w ere
f i r s t l y  c a l i b r a t e d  u s in g  s i m u la t o r s  s u p p l ie d  b y  B eam ex, F i n la n d , th e n  
a s t e r i l e  sa m p le  w as w ith d ra w n  to  c h e c k  th e  pH r e a d in g  a g a i n s t  an  
in d e p e n d e n t ly  c a l i b r a t e d  p r o b e . The d i s s o l v e d  o x y g e n  t e n s io n  was 
m easu red  u s in g  an I n g o ld  p o la r o g r a p h ic  e l e c t r o d e .  I t  was c a l i b r a t e d  
b y  i n i t i a l l y  s p a r g in g  s t e r i l e  n i t r o g e n  g a s  th ro u g h  th e  v e s s e l  a t  a 
c o n s t a n t  s t i r r e r  sp e e d  o f  1000 r .p .m .  u n t i l  a c o n s t a n t  r e a d in g  was 
o b t a i n e d . A f t e r  s e t t i n g  th e  in s tr u m e n t  r e a d in g  t o  z e r o  th e  n i t r o g e n  
w as r e p la c e d  w it h  a i r .  When a c o n s t a n t  r e a d in g  was a c h ie v e d , th e  
in s tr u m e n t  was a d ju s t e d  t o  re a d  100% s a t u r a t i o n .
The pH c o n t r o l l e r  was s e t  to  m a in t a in  a c o n s t a n t  7 . 0  + 0 . 1  th ro u g h  
u s e  o f  pumped s t e r i l e  3M NaOH o r  s t e r i l e  IM H ^ O ^ .
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The te m p e ra tu r e  was m a in ta in e d  a t  s e t  p o in t  b y  u s e  o f  e i t h e r  c o o l i n g  
c o i l s  o r  e l e c t r i c a l  h e a t e r s  im m ersed i n  th e  l i q u i d .  A l l  te m p e ra tu r e  
s h i f t s  w ere a c c o m p lis h e d  w i t h i n  3 m in u te s  b y  a l t e r a t i o n  o f  th e  
c o n t r o l l e r  s e t  p o i n t .  D e v ia t io n s  from  th e  new s e t  p o in t  n e v e r
e x c e e d e d  0 . 2°C  , e v e n  d u r in g  th e  p e r i o d  d i r e c t l y  p o s t  s h i f t .
The d i s s o l v e d  o x y g e n  t e n s io n  was m a in ta in e d  a t  o r  a b ov e  50%  
s a t u r a t i o n  b y  v a r i a t i o n s  i n  th e  a g i t a t i o n  sp e e d  a t  a f i x e d  a i r  f lo w  
r a t e .  The a i r  f lo w  r a t e  was m easu red  u s in g  a B ro o k s th e r m a l m ass  
f lo w  m e te r  s e t  t o  p r o v id e  1 volu m e o f  a i r  a t  S T P /fe r m e n te r  
v o lu m e /m in u te .
A f t e r  i n o c u l a t i o n  th e  c u l t u r e  w as in c u b a te d  a t  3 0 °C  and sa m p le s  
w ere a s e p t i c a l l y  w ith d ra w n  a t  i n t e v a l s  th ro u g h  th e  P i r b r i g h t  sa m p lin g  
h o o d , b o t h  t o  m o n ito r  c e l l  g ro w th  and f o r  f u r t h e r  e v a l u a t i o n .  A t  an  
o p t i c a l  d e n s i t y  o f  a p p r o x im a te ly  5 . 0 ,  th e  fe r m e n te r  te m p e ra tu r e  was 
i n c r e a s e d  t o  4 2 °C  and th e  fe r m e n t a t io n  f o l lo w e d  f o r  a f u r t h e r  4 - 5  
h o u r s .  A t  th e  end o f  th e  fe r m e n t a t io n  th e  c e l l s  w ere  k i l l e d  b y  th e  
a d d i t i o n  o f  s u f f i c i e n t  d i s i n f e c t a n t  s o l u t i o n  (T e g o  ; G o ld sc h m id t L t d ,  
E a s t c o t e ,  U K .) t o  g iv e  a f i n a l  c o n c e n t r a t io n  o f  2% and l e f t  f o r  two 
h o u r s .
3 . 1 . 2 . 1 0  D e te r m in a t io n  o f  O xygen  U p tak e  R a te  (O U R l. C arbon  D io x id e  
E v o lu t io n  r a t e  (CPR*) and R e s p ir a t o r y  Q u o t ie n t  (RO’)
B o th  la b o r a t o r y  a i r  and fe r m e n t a t io n  e x i t  g a s  w as a n a ly s e d  f o r  C02 
and 0 2 u s in g  a  B io e n g in e e r in g  Gas A n a ly s e r .  In s tr u m e n t  a c c u r a c y  was 
m a in ta in e d  b y  c a l i b r a t i o n  a g a i n s t  known s t a n d a r d s  ( S . I .P . j B r a c k l y ,  
N o r th a n ts  ,U K .)  im m e d ia te ly  p r i o r  t o  e a c h  ru n  and s u b s e q u e n t ly  e v e r y  
se c o n d  d ay  i f  n e c e s s a r y .
The c o n c e n t r a t i o n  o f  e x h a u s t  0 2 and C02 w ere c o n v e r te d  t o  th e  
p r o p o r t io n  a t  STP b y  th e  f o l l o w i n g  c a l c u l a t i o n s .
2 0 .9 5   x  E x h a u st Gas 0 (% ) =  P r o p o r t io n  o f
L a b . A i r  0 2 1 0 0  0 2 i n  E x h a u st g a s
<§ STP (X 0 2 )
2 0 .9 5 _________  x  E x h a u st Gas C02 (% ) =  P r o p o r t io n  o f
L a b . A i r  0 2 1 0 0  C02 i n  E x h a u st g a s
@ STP (X C 02 )
The amount o f  0 2 and N2 s u p p l ie d  t o  th e  c u l t u r e  w as d e te r m in e d  hy  
th e  f o l l o w in g  c a l c u l a t i o n s :
0 2 I n  (m l /m in )  =  A i r  f lo w  r a t e  ( l i t r e / m i n )  x  2 0 9 .5  
N2 I n  (m l /m in )  =  A i r  f lo w  r a t e  ( l i t r e / m i n )  x  7 9 0 .5
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O xvaen U p tak e  R a te  OURfmM C f y /l /h r )
0  I n  -  XO . N., I n  x  60  x  F e r m e n ta tio n  Volum e
1 -  X 0 2 +  XC02 2 4 .0 5
C arbon  D io x id e  E v o lu t io n  R a te  C P R fm M C O ^ l/h r)
When m easu red  , th e  c o n c e n t r a t io n  o f  C02 in  th e  i n l e t  a i r  was fou n d  
t o  b e  a p p r o x im a te ly  0 .0 0 3 %  -  p r o b a b ly  a r e s u l t  o f  c o n d it i o n i n g  a f t e r  
th e  c o m p r e s s o r . F or s i m p l i c i t y  i n  th e  c a l c u l a t i o n ,  i t  w as assum ed  
to  b e  z e r o .
XC02 . N2 In  x  60  x  F e r m e n ta t io n  Volum e
1 -  X 0 2 +  XC02 2 4 .0 5
R e s p i r a t o r y  Q u o t ie n t  CRO)
RQ =  OUR 
CPR
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3 . 1 . 3 . 1  R ecom b in an t p r o t e i n  e x p r e s s io n  u s in g  th e  d u a l o r i g i n  v e c t o r  
s y s te m
The p r i n c i p l e  m ethod o f  o b s e r v in g  re c o m b in a n t p r o t e i n  e x p r e s s io n  from  
new v e c t o r  c o n s t r u c t s  h a s  b e e n  b y  d i r e c t  v i s u a l  e x a m in a tio n  o f  
e le c tr o p h o r e s e d  c e l l  h o m o g e n a te s . T h e r e fo r e  s a m p le s  w ere  ta k e n  from  a 
c u l t u r e  o f  th e  E . c o l i  h o s t ,  1 B 3 7 3 , o n c e  s h i f t e d  t o  4 2 °C  and  
a n a ly s e d  b y  SDS-PAGE (F ig u r e  3 . 1 ) .  No m a jo r  ch a n g e s  i n  p r o t e i n  
c o m p o s it io n  c o u ld  b e  o b s e r v e d  a lth o u g h  m in or  c h a n g e s  i n  band  
i n t e n s i t y  w ere s e e n  -  p a r t i c u l a r l y  b an d s i n c r e a s i n g  a t  m o le c u la r  
w e ig h t  a p p r o x im a te ly  66 kD and d e c r e a s in g  a t  a p p r o x im a te ly  35 kD .
I n  c o n t r a s t ,  E . c o l i  1B 373 pM G168, when s i m i l a r l y  s h i f t e d  to  4 2 °C  
show ed m ore m a jo r  p r o t e i n  c o m p o s i t io n a l  ch a n g e s  ( F ig u r e  3 . 2 ) .  A f t e r  
1 h o u r a t  4 2 °G  a s i g n i f i c a n t  in c r e a s e  i n  a p r o t e i n  band  
c o -m i g r a t in g  w it h  a m e t-p r o c h y m o s in  s ta n d a r d  w as o b s e r v e d , p e a k in g  in  
i t s  i n t e n s i t y  b y  3 to  4  h o u r s  a lth o u g h  s t i l l  p r e s e n t  a t  1 4  h o u r s .  
S c a n n in g  th e  p o ly a c r y la m id e  g e l  i n d i c a t e d  t h a t  t h i s  band c o n s i s t e d  o f  
8 . 2% o f  th e  t o t a l  c e l l u l a r  p r o t e i n ,  a lth o u g h  i t  w as n o te d  t h a t  
a n o th e r  E . c o l i  p r o t e i n  was p r e s e n t  a t  t h i s  m o le c u la r  w e ig h t  p r i o r  to  
i n d u c t io n  a t  a l e v e l  o f  3 .5 %  o f  t o t a l  p r o t e i n .  Thus th e  a p p ro x im a te  
am ount o f  p ro c h y m o sin  form ed  w as 4 .7 %  o f  t o t a l  p r o t e i n .  I n  a d d it i o n  
t o  p r o c h y m o s in , p r o t e i n  b an d s m ig r a t in g  a t  66 kD and 79  kD show ed  
g r e a t e r  i n c r e a s e s  i n  i n t e n s i t y  th a n  i n  th e  h o s t  a lo n e  w h i le  th e  band  
a t  35  kD show ed a s i m i l a r  am ount o f  r e d u c t i o n .
I n d u c t io n  o f  th e  CATshCT f u s i o n  p r o t e i n s  i n  E . c o l i  1B 373 pMG173 and 
pMG174 show ed much h ig h e r  l e v e l s  o f  a c c u m u la t io n  -  1 2 .6  and 1 3 .4 %  o f  
t o t a l  p r o t e i n  r e s p e c t i v e l y  ( F ig u r e s  3 . 3  and 3 . 4 ) .  W h ile  s i m i l a r
3 .1 .3  R esu lts
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p r o t e i n  c o m p o s i t io n a l  ch a n g e s  t o  t h a t  o f  E . c o l i  1B 373  pMG168 a t  79  
k D , 66 kD and 35  kD w ere  n o t e d  a f t e r  a m p l i f i c a t i o n  o f  th e  p la s m id  
pM G173, n on e w ere n o te d  w it h  pM G174. A l l  t h r e e  c e l l  l i n e s  
e x p r e s s in g  re c o m b in a n t p r o t e i n s ,  i n  c o n t r a s t  to  th e  h o s t  c e l l  l i n e ,  
w ere fo u n d  to  h a v e  form ed  i n s o l u b l e  i n c l u s i o n  b o d ie s  o f  p r o d u c t  
w i t h in  th e  c e l l  when v ie w e d  h y  p h a se  c o n t r a s t  m ic r o s c o p y .
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Figure 3 .1  SDS Polyacrylam ide g e l o f  c e l l  homogenates from an E .c o l i
1B373 ferm entation
94  kd
67 kd
- 4 - 3  - 2 - 1  0 0 . 5  1
H ours A f t e r  I n d u c t io n
4 5
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Figure 3 .2  SDS-Polvacrvlamide g e l o f  c e l l  homogenates from an E .c o l i
1B373 PMG168 ferm entation
-7 1 -
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Figure 3 .3  SDS-Polvacrvlam ide g e l o f  c e l l  homogenates from an E .c o l i
1B373 PMG173 ferm entation
SHasai*
CAT:hCT  
S ta n d a rd
- 3 . 5  - 1 . 5  - 0 . 5  0 0 . 5  1 .5  2 . 5  3 . 5  5
Hours A fte r  Induction
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Figure 3 .4  SDS-Polvacrvlamide g e l o f  c e l l  homogenates from an E .c o l i
1B373 PMG174 ferm entation
- 3 - 1 0  1 2 3 4
H ours A f t e r  I n d u c t io n
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3 .1 .3 .2  Plasmid copy number a m p lif ica t io n  using the dual o r ig in  v ecto r
To d e te r m in e  d i f f e r e n c e s  i n  co p y  number a m p l i f i c a t i o n  b etw e e n  th e  
p a r e n t  v e c t o r  and one e x p r e s s in g  a re c o m b in a n t p r o t e i n  a t  h ig h  
l e v e l s ,  E . c o l i  1B 373 pMG171 was com pared w ith  E . c o l i  1B 373 pMG173 
a f t e r  i n d u c t i o n .  The p la s m id  DNA c o n te n t  o f  b o th  pMG171 and pMG173 
w ere d e te r m in e d  on th e  same n i t r o c e l l u l o s e  f i l t e r  s h e e t  w ith  common 
s ta n d a r d s  and can  th u s  b e  d i r e c t l y  com p ared .
D e s p i t e  l i m i t a t i o n s  due to  th e  v a r i a b i l i t y  i n  t h i s  t e c h n iq u e , F ig u r e
3 . 5  show s t h a t  th e  p la s m id  DNA c o n t e n t  o f  c e l l s  c o n t a in in g  th e  
p la s m id  pMG171 5 h o u r s  a f t e r  in d u c t io n  was m ore th a n  tw ic e  th e  
p la s m id  c o n te n t  o f  c e l l s  e x p r e s s in g  th e  CATjhCT f u s i o n  p r o t e i n .  The 
a m p l i f i c a t i o n  f a c t o r  o f  th e  l a t t e r  p la s m id  a t  4 2 °C  w as 32 t im e s  th e  
u n in d u c e d  v a l u e .  On th e  a s s u m p tio n  t h a t  th e  u n in d u c e d  co p y  number i s  
4  p e r  h o s t  chrom osom e (Y a r r a n t o n  e t  a l . .  1 9 8 4 ) ,  a 32  f o l d  
a m p l i f i c a t i o n  w ou ld  c o r r e s p o n d  t o  a co p y  number o f  a p p r o x im a te ly  1 3 0  
p e r  h o s t  chrom osom e.
The b a c t e r i a l  ^ - la c t a m a s e  p r o t e i n ,  e x p r e s s e d  from  th e  a m p i c i l l i n  
r e s i s t a n c e  g en e p r e s e n t  on b o th  p la s m id s ,  was m easu red  t o  d e te r m in e  
i f  s i m i l a r  p a t t e r n s  o f  a m p l i f i c a t i o n  w ere o b s e r v e d . A s e x p e c te d  th e  
p la s m id  pMG171 w as fo u n d  t o  e x p r e s s  ^ - la c t a m a s e  a t  g r e a t e r  th a n  tw ic e  
th e  l e v e l  o f  pMG173 a t  2 . 5  h o u r s  a f t e r  in d u c t io n  a lt h o u g h  th e  d e g r e e  
o f  a m p l i f i c a t i o n  was an o r d e r  o f  m a g n itu d e  l e s s  th a n  t h a t  d e te rm in e d  
b y  d i r e c t  m easu rem en ts o f  p la s m id  DNA c o n t e n t .  The p - la c t a m a s e  
c o n t e n t  o f  c e l l s  c o -e x p r e s s in g  th e  CATjhCT f u s i o n  p r o t e i n  f e l l  a f t e r
2 . 5  h o u r s  d e s p i t e  a c o n s t a n t  p la s m id  DNA c o n te n t  (F ig u r e  3 . 5 ) .
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Figure 3 .5  The e f f e c t  o f  tem perature s h i f t  to  42° C on plasm id DNA
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c o n t e n t  and |3~ lactam ase s y n t h e s i s  i n  E . c o l i  1B 373 PMG171 
and PM G173.
Plasmid DNA content
Q E.coli 1B373 pMG171
TTme (Hrs)
+  E.coli 1B373 pMG173
|5—lactamase contont
OON□o»oo
a  E.coit 1B373 pMG171 -7 5 -
Ttme (hrs)
+  E.colf 1B373 pMG173
3 . 1 . 3 . 3  The e f f e c t  o f  p r o t e i n  e x p r e s s io n  and co p y  number 
a m p l i f i c a t i o n  on c e l l  g ro w th  and s u b s t r a t e  u t i l i s a t i o n
The e f f e c t  o f  a te m p e r a tu r e  s h i f t  on th e  c e l l  g ro w th  o f  E . c o l i  1B 373  
c a r r y in g  d u a l o r i g i n  p la s m id s  a s  com pared w it h  th e  h o s t  a lo n e  i s  
shown i n  F ig u r e  3 . 6 .  The te m p e ra tu r e  s h i f t  t o  4 2 °C  in c r e a s e d  th e  
maximum s p e c i f i c  g ro w th  r a t e  o f  th e  h o s t  from  0 . 2 1 5 / h r  t o  0 . 3 3 2 / h r .
A maximum OD o f  1 5 .4  u n i t s  a t  4  h o u r s  was r e a c h e d  when th e  g l y c e r o l  
s u p p ly  was e x h a u s te d  a lth o u g h  th e  o th e r  p r i n c i p l e  n u t r i e n t s ,  ammonium 
s u lp h a t e  and sod iu m  p h o s p h a te , w ere s t i l l  i n  e x c e s s .
E . c o l i  1B 373 pMG168 s i m i l a r l y  in c r e a s e d  i n  s p e c i f i c  g ro w th  r a t e  a t  
4 2 °G  from  0 . 2 2 1 / h r  t o  a p ea k  o f  0 .3 5 0 /h r  a lt h o u g h  b y  3 - 4  h o u rs  
a f t e r  i n d u c t i o n ,  c o n c o m ita n t  w it h  maximum p r o t e i n  e x p r e s s i o n ,  th e  
g ro w th  r a t e  f e l l  t o  z e r o .  D e s p i t e  e x c e s s  n u t r i e n t s ,  th e  maximum 
c e l l  d e n s i t y  o b s e r v e d  w as l e s s  th a n  th e  h o s t  a t  1 3 .9  OD u n i t s .
When com pared w it h  p ro c h y m o sin  a c c u m u la t io n , th e  g r e a t e r  e x p r e s s io n  
o f  th e  CAT-hCT f u s i o n  p r o t e i n  b y  E . c o l i  1B 373 pMG173 re d u c e d  th e  
in c r e a s e  i n  g ro w th  r a t e  a f t e r  i n d u c t i o n .  The s p e c i f i c  g ro w th  r a t e  
f e l l  t o  z e r o  b y  2 . 5  h o u r s  and re a c h e d  a maximum c e l l  d e n s i t y  o f  8 . 1  
u n i t s ,  a g a in  w it h  a l l  n u t r i e n t s  i n  e x c e s s .
D e s p i t e  n o t  e x p r e s s in g  a re c o m b in a n t p r o t e i n ,  th e  g ro w th  r a t e  o f  
E . c o l i  1B 373 pMG171 s i m i l a r l y  f e l l  t o  z e r o  b y  2 - 3  h o u r s  a f t e r  
i n d u c t i o n ,  r e a c h in g  a maximum b io m a s s  o f  8 .6 4  OD u n i t s .  The p la s m id  
DNA c o n t e n t  o f  th e  c e l l  d id  , h o w e v e r , a c h ie v e  a h ig h e r  l e v e l  (F ig u r e  
3 . 5 ) .
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F ig u r e  3 . 7  show s th e  c e l l  o x y g e n  u t i l i s a t i o n  r a t e  (OUR) d u r in g  th e  
fe r m e n t a t i o n s .  P r io r  t o  in d u c t io n  th e  OUR o f  a l l  th e  s t r a i n s  t e s t e d  
f o l lo w e d  th e  i n c r e a s e  i n  c e l l  d e n s i t y .  A f t e r  i n d u c t i o n ,  th e  h o s t  
s t r a i n  show ed an im m e d ia te  i n c r e a s e  i n  OUR s e t t l i n g  to  a c o n s t a n t  
h ig h e r  r a t e  o f  i n c r e a s e  a g a in  co m p ara b le  t o  t h e  i n c r e a s e  i n  c e l l  
d e n s i t y .  In  c o n t r a s t ,  a l l  th e  c e l l /p l a s m i d  c o m b in a tio n s  show ed an  
i n i t i a l  i n c r e a s e  i n  th e  OUR b u t ,  b y  2 - 3  h o u r s  a f t e r  in d u c t io n  th e  
r a t e  o f  i n c r e a s e  s to p p e d  and b e g a n  t o  d e c l i n e .  B etw een  3 and 4  
h o u r s  a f t e r  i n d u c t i o n ,  d e s p i t e  no in c r e a s e  i n  c e l l  d e n s i t i e s ,  t h e r e  
was s t i l l  h ow ever a p p r e c ia b le  o x y g e n  and g l y c e r o l  c o n su m p tio n  b y  th e  
E . c o l i  s t r a i n s  c a r r y in g  p la s m id s .  T hese d a ta  a r e  su m m arised  i n  T a b le  
3.1.
The h o s t  s t r a i n ,  E . c o l i  1 B 3 7 3 , in c r e a s e d  i n  c e l l  d e n s i t y  3 . 3  f o l d  and  
i t s  OUR b y  g r e a t e r  th a n  5 f o l d  a f t e r  i n d u c t io n  and w as o n ly  l i m i t e d  
b y  g l y c e r o l  d e p l e t i o n  i n  th e  c u l t u r e  m edium . A l l  th e  s t r a i n s  
c o n t a in in g  p la s m id s ,  i n  c o n t r a s t ,  f a i l e d  t o  d e m o n s tr a te  s i m i l a r  
i n c r e a s e s  d e s p i t e  a l l  n u t r i e n t s  b e in g  p r e s e n t  i n  e x c e s s .
An a d d i t i o n a l  e f f e c t  o f  p r o t e i n  in d u c t io n  and DNA a m p l i f i c a t i o n  was a 
r e d u c t i o n  in  th e  a b i l i t y  o f  an i n d i v i d u a l  c e l l  t o  fo rm  a c o lo n y  on an  
a g a r  p l a t e  in c u b a te d  a t  3 0 ° C . F ig u r e  3 . 8  d e m o n s tr a te s  t h i s  e f f e c t  
a f t e r  i n d u c t i o n  o f  m e t-p r o c h y m o s in  i n  E . c o l i  1B 373 pM G168. One h ou r  
a f t e r  in d u c t io n  th e  v i a b l e  c o u n t in c r e a s e d  b u t  b y  3 - 4  h o u r s  th e  co u n t  
h ad d rop p ed  t o  40% o f  i t s  p ea k  v a lu e  d e s p i t e  a two f o l d  in c r e a s e  in  
c e l l  d e n s i t y .
T h ro u g h ou t e a c h  fe r m e n t a t io n  a l l  th e  p la s m id s  w ere fo u n d  t o  b e  100%  
s t a b l e .
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Figure 3 .6  E ffe c t  o f  tem perature in d u ction  on c e l l  growth o f  variou s
E .c o l i  plasm id com binations in  batch  cu ltu r e .
Time-(Hrs)
□ E.coli 1B373 + E.coli 1B373 pMG171
0 E.coli’ IB373 pMG16B A E.coli 1B373 pMG173
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Figure 3 .7  E ffe c t  o f  tem perature in d u ction  on OUR o f  va riou s E .c o l i
plasmid com binations in  batch  cu ltu r e .
rsL
1
\
\
M
0
2 
E
K
D
0
n E.coli 18373 
0 E.coli 1B373 pMGl 68
Time (Hrs)
+ E.coli 1B373 pMG17l
A E.coli 1B373 pMG173
-7 9 -

O
D
(
6
0
0
n
m
)
.V
I
a
b
l«
 
G
+ 
(x
1
 
O
-S
/m
l
)
Figure 3 .8  E ffe c t  o f  tem perature in d u ction  on v ia b le  c e l l  count o f
E .c o l i  1B373 PMG168 in  batch  cu ltu r e .
Time (Hrs)
□ OD(600nm) + Viable Cl(x10‘ 8/ml)
3 .1 .4  D iscu ssion
A te m p e r a tu r e  s h i f t  from  3 0 °C  t o  4 2 °C  c a u s e d  c o n s id e r a b le  
re c o m b in a n t p r o t e i n  and p la s m id  co p y  number a m p l i f i c a t i o n  from  d u a l  
o r i g i n  v e c t o r s  tr a n s fo r m e d  i n t o  E . c o l i  1 B 3 7 3 .
A c h e a p , n u t r i t i o n a l l y  d e f in e d  medium r e s u l t e d  i n  g o o d , r e p r o d u c ib le  
g ro w th  and h ig h  l e v e l s  o f  b o t h  re c o m b in a n t p r o t e i n  a c c u m u la t io n  and  
b io m a s s . The s t a b i l i t y  o f  th e  v e c t o r  was su c h  t h a t  no p l a s m i d - f r e e  
c e l l s  a r o s e  w i t h in  th e  f e r m e n t a t i o n s .
R ecom b in an t p r o t e i n  a c c u m u la t io n  o c c u r r e d  1 h o u r a f t e r  in d u c t i o n  and  
p ea k ed  b e tw e e n  3 and 4  h o u r s .  T h e se  t im in g s  a r e  s i m i l a r  t o  th o s e  
o b s e r v e d  w it h  th e  i n d u c ib le  e x p r e s s io n  v e c t o r s  (B o tte rm a n  e t  a l . , 
1 9 8 5 ;  O ehm ichen e t  a l . .  1 9 8 4 )  b u t  th e r e  a r e  few  r e p o r t s  c o n c e r n in g  
h ig h  l e v e l  e x p r e s s io n  from  th e  i n d u c i b le  cop y  num ber v e c t o r s .
R e p o r ts  o f  d i f f e r e n c e s  i n  a c c u m u la t io n  l e v e l s  o f  v a r i o u s  re c o m b in a n t  
p r o t e i n s  i s  common i n  th e  l i t e r a t u r e .  I t  w as n o t  t h e r e f o r e  
s u r p r i s i n g  t o  s e e  q u i t e  w id e  v a r i a t i o n s  in  th e  l e v e l s  o f  
m e t-p r o c h y m o s in  and CAT-hCT f u s i o n  p r o t e i n s  when e x p r e s s e d  from  th e  
same v e c t o r / E . c o l i  s t r a i n .  One p o s s i b l e  e x p la n a t io n  f o r  th e  
o b s e r v e d  d i f f e r e n c e s  m ig h t b e  g r e a t e r  p r o t e i n  s t a b i l i t y  o f  th e  m a in ly  
h o m o lo g o u s CAT-hCT f u s i o n  p r o t e i n  w i t h in  th e  c e l l .  The r e p o r t  o f  
d e g r a d a t io n  p r o d u c ts  o f  th e  t r u e  h e t e r o lo g o u s  m e t-p r o c h y m o s in  
p r o t e i n ,  p o s s i b l y  b y  p r o t e o l y s i s ,  in  b a t c h  c u l t u r e  (W r ig h t  e t  a l . . 
1 9 8 6 )  may a l s o  i n d i c a t e  th e  r e a s o n  f o r  re d u c e d  e x p r e s s io n  l e v e l s .  
A n o th e r  p o t e n t i a l  c a u s e  m ig h t b e  due t o  th e  e u k a r y o t ic  o r i g i n  o f  
m e t-p r o c h y m o s in  c a u s in g  i n e f f i c i e n t  p r o t e i n  t r a n s l a t i o n  due t o  th e  
o v e r  u s e  o f  u n fa v o u r a b le  co d o n s f o r  th e  p r o k a r y o t i c  E . c o l i .
I t  i s  w o rth  n o t i n g  h ow ever t h a t  th e  CAT g e n e , known t o  h e  e x p r e s s e d  
i n  E . c o l i  a t  h ig h  l e v e l s ,  c o n t a i n s  a p p r o x im a te ly  25% co d o n s t h a t  a re  
i n f r e q u e n t l y  u se d  (R o b in s o n  e t  a l . .  1 9 8 4 ) .  S l i g h t  ch a n g e s  i n  th e  
r e c o m b in a n t p r o t e i n  s t r u c t u r e ,  th e  d i f f e r e n c e  f o r  ex am p le  b e tw e e n  th e  
p r o t e i n s  e x p r e s s e d  b y  1B 373 pMG173 and pM G174, made l i t t l e  d i f f e r e n c e  
t o  th e  f i n a l  l e v e l  o f  a c c u m u la t io n .
T e m p e ra tu re  s h i f t s ,  p a r t i c u l a r l y  t h o s e  t o  4 2 ° C ,  a r e  known t o  in d u c e  
s y n t h e s i s  o f  h e a t  sh o c k  p r o t e i n s  i n  E . c o l i . I n  th e  h o s t  1 B 3 7 3 , v e r y  
few  ch a n g e s  i n  p r o t e i n  g e l  band i n t e n s i t y  w ere h ow ev er o b s e r v e d . In  
c o n t r a s t ,  when e x p r e s s in g  e i t h e r  th e  m e t-p r o c h y m o s in  o r  th e  CAT-hCT 
g e n e , th e  c h a n g e s  i n  p r o t e i n  band i n t e n s i t y  w e re  m ore m ark ed . 
A m p l i f i c a t i o n  o f  p r o t e i n s  a t  a p p r o x im a te ly  66 kD and 79  kD w ere  
p a r t i c u l a r l y  g r e a t  h u t w ere u n r e la t e d  to  th e  re c o m b in a n t p r o d u c t ,  
^ - la c t a m a s e  p r o t e i n  ( 3 0  kD ) o r  any o th e r  p la s m id  co d ed  p r o t e i n .  I t  
i s  known t h a t ,  b e s i d e s  t e m p e r a tu r e , o th e r  c e l l  s t r e s s i n g  a g e n t s  can  
in d u c e  s y n t h e s i s  o f  th e  h e a t  sh o c k  p r o t e i n s ,  i n  p a r t i c u l a r  e x p r e s s io n  
o f  c e r t a i n  re c o m b in a n t p r o t e i n s  ( G o f f  & G o ld b e r g , 1 9 8 5 ) ,  The 
s i m i l a r i t y  b e tw e e n  th e  m o le c u la r  w e ig h t  o f  th e  two a m p l i f ie d  b an d s  
and th e  two m o st abu nd an t h e a t  sh o c k  p r o t e i n s ,  Gro E a t  65 kD 
(N e id h a r d t  e t  a l . .  1 9 8 4 ;  H e n d r ix  & T s u i ,  1 9 7 8 )  and th e  dnaK p r o t e in  
a t  77  kD ( Z y l i c z  e t  a l . . 1 9 8 3 ) ,  p o s s i b l y  i n d i c a t e s  t h e i r  o r i g i n  and  
c o n fir m s  th e  o b s e r v a t io n s  o f  G o f f  & G o ld b e rg  ( 1 9 8 5 ) .
The p a r e n t  p la s m id , pM G171, w as c a p a b le  o f  a m p l i f y i n g  i t s  cop y  number 
from  a p p r o x im a te ly  4  (Y a r r a n to n  e t  a l . , 1 9 8 4 )  b y  80  f o l d  to
a p p r o x im a te ly  3 0 0 /h o s t  chrom osom e. The a m p l i f i c a t i o n  in  p - la c t a m a s e  
a c c u m u la t io n  o b s e r v e d  i n  t h e s e  e x p e r im e n ts  w as h ow ever 10 f o l d  
l e s s .  Thus p - la c t a m a s e  s y n t h e s i s ,  a lth o u g h  i n d i c a t i n g  an  i n c r e a s e
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i n  p la s m id  cop y  n u m ber, d o e s  n o t  i n c r e a s e  l i n e a r l y  w it h  g en e  d o se  
t h e r e f o r e  c o n t r a s t i n g  w it h  th e  r e s u l t s  p u b lis h e d  b y  U h l in  & N o rd stro m  
( 1 9 7 7 ) .
The co p y  number o f  th e  p la s m id  pMG173 p la t e a u e d  a t  3 . 5  h o u r s  a t  a 
l e v e l  b e l i e v e d  t o  b e  a p p r o x im a te ly  h a l f  t h a t  o f  pM G171. I t  was 
p r o b a b le  t h a t  th e  h ig h  l e v e l  e x p r e s s io n  o f  th e  CAT-hCT p r o t e in  
d i v e r t e d  c e l l u l a r  r e s o u r c e s  i n t o  p r o t e i n  e x p r e s s io n  r a t h e r  th a n  DNA 
s y n t h e s i s .  I n  a d d i t i o n ,  c o -e x p r e s s i o n  o f  CAT-hCT c a u se d  a 
s i g n i f i c a n t  d ro p  i n  th e  l e v e l  o f  B - la c t a m a s e  a c c u m u la t io n  2 . 5  h o u rs  
a f t e r  i n d u c t i o n  d e s p i t e  a c o n s t a n t  l e v e l  o f  p la s m id  DNA. One 
e x p la n a t i o n  m ig h t b e  t h a t  h ig h  l e v e l s  o f  t r a n s c r i p t  from  th e  s t r o n g  
t r p  p ro m o te r  m ig h t i n h i b i t  B -la c t a m a s e  s y n t h e s i s  b y  m ore a c t i v e l y  
c o m p e tin g  f o r  RNA p o ly m e r a s e  o r  r ib o s o m a l a t ta c h m e n t . A l t e r a t i o n s  
i n  B -la c t a m a s e  s y n t h e s i s  due t o  g ro w th  r a t e  ch a n g e s  can  be ig n o r e d  as  
th e  g ro w th  p a t t e r n  o f  b o t h  1B 373 pMG173 and pMG171 w ere s i m i l a r .  
The e f f e c t s  o f  p r o t e o l y s i s  h o w e v e r , ca n n o t b e  e x c lu d e d . D e s p it e  
l i m i t a t i o n s  i n  th e  te c h n iq u e  u s e d , th e  cop y  num bers a c h ie v e d  w ith  
E . c o l i  1B 373 pMG171 and pMG173 a r e  e s s e n t i a l l y  s i m i l a r  t o  th o s e  
o b s e r v e d  i n  E . c o l i  1B 392 pMG165 and pMG169 (CAT p r o t e i n  o n ly )  (W r ig h t
e t  a l . . 1 9 8 6 )  d e s p i t e  h a v in g  b e e n  grown i n  n u t r i t i o n a l l y  d e f in e d
medium and a t  e le v a t e d  b io m a ss  l e v e l s .
The u s e  o f  v e c t o r s  c a p a b le  o f  r e g u la t in g  re c o m b in a n t p r o t e i n  
s y n t h e s i s  s te m s  from  th e  o b s e r v a t io n  t h a t  c o n s t i t u t i v e  e x p r e s s io n  
c a u se d  a s i g n i f i c a n t  r e d u c t io n  i n  c e l l  g ro w th  r a t e  ( C a r r i e r  e t  a l . f
1 9 8 3 ) .  W ith  th e  i n d u c ib le  e x p r e s s io n  v e c t o r s ,  e s s e n t i a l l y  n orm al  
g ro w th  was o b s e r v e d  p r i o r  t o  in d u c t io n  a lth o u g h  upon  th e  te m p e ra tu r e  
s h i f t  t o  4 2 °C  b o th  c o p y  number a m p l i f i c a t i o n  and p r o t e i n  e x p r e s s io n  
i n h i b i t e d  g ro w th  s i g n i f i c a n t l y .  A l l  th e  p la s m id -b e a r i n g  s t r a i n s
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e n t e r e d  s t a t i o n a r y  p h a se  b e tw e e n  2 and 3 h o u r s  a f t e r  i n d u c t io n  and 
f a i l e d  t o  u t i l i s e  a l l  th e  s u b s t r a t e s  s u p p l i e d .  O xygen  u t i l i s a t i o n  
r a t e  f o l lo w e d  a s i m i l a r  p a t t e r n  (F ig u r e  3 . 7 ) .  H ig h  l e v e l s  o f  DNA 
and p r o t e i n  s y n t h e s i s  p re su m a b ly  im p osed  a m e t a b o l ic  b u rd e n  on th e  
c e l l  w here e n e rg y  and m e t a b o l ic  i n t e r m e d ia t e s  w ere  d i r e c t e d  tow ard s  
th e  g e n e r a t io n  o f  p la s m id  DNA and p r o d u c t  r a t h e r  th a n  m a t e r i a l  n eed ed  
f o r  c e l l  g ro w th  and ch rom osom al DNA r e p l i c a t i o n .  I t  i s  i n t e r e s t i n g  
t o  n o t e  th e  s i g n i f i c a n t  u s e  o f  b o th  o xy g en  and c a r b o n  s u b s t r a t e  in  
th e  s t a t i o n a r y  p h a se  o f  g r o w th , p re su m a b ly  f o r  e n e r g y  g e n e r a t io n  to  
s u p p o r t  p la s m id  d e r iv e d  DNA and p r o t e i n  b i o s y n t h e s i s  and o th e r  
m a in te n a n c e  r e q u ir e m e n ts  ( F ig u r e  3 . 7 ) .  P la s m id  DNA a m p l i f i c a t i o n  in  
1B 373 pMG171 seem s t o  i n h i b i t  c e l l  g ro w th  in  s i m i l a r  f a s h io n  as  
p r o t e i n  e x p r e s s io n  i n  1B 373 pMG173 . The co p y  num ber was a b le  t o  r i s e  
s i g n i f i c a n t l y  i n  s t a t i o n a r y  p h a s e , h o w e v e r , u n l i k e  th e  re c o m b in a n t  
p r o t e i n  c o n t e n t  o f  b o t h  1B 373 pMG168 and pM G173.
The l e v e l  o f  a c c u m u la t io n  o f  f o r e i g n  p r o t e i n  d i r e c t l y  a f f e c t s  th e  
g ro w th  c h a r a c t e r i s t i c s  and c e l l  y i e l d .  1B 373 pMG173 p ro d u c ed  
a p p r o x im a te ly  t h r e e  t im e s  m ore CAT-hCT f u s i o n  th a n  1B 373  pMG168 
p ro d u c e d  m e t-p r o c h y m o s in  and grew  s i g n i f i c a n t l y  l e s s  w e l l  a f t e r  
i n d u c t i o n .  A lth o u g h  fo rm in g  much l e s s  b io m a ss  a f t e r  i n d u c t i o n ,  
1B 373 pMG173 in c r e a s e d  i t s  o x y g e n  u t i l i z a t i o n  r a t e  b y  g r e a t e r  th a n  
t h a t  o f  1B 373 pMG168 (T a b le  3 . 1 ) ,  p o s s i b l y  d e m o n s tr a t in g  a g r e a t e r  
demand f o r  e n e r g y  g e n e r a t i o n .
The e f f e c t  on g ro w th  r a t e  i s  s i m i l a r  t o  t h a t  r e p o r t e d  f o r  th e  o th e r  
i n d u c ib le  co p y  num ber v e c t o r s  (U h l in  e t  a l . .  1 9 7 9 ;  L a r s e n  e t  a l . .
1 9 8 4 )  and th e  c o n s t i t u t i v e  co p y  number i n d u c i b le  e x p r e s s io n  v e c t o r s  
( S i e g e l  & R yu , 1 9 8 5 ;  O ehm inchen e t  a l . .  1 9 8 4 )  a lt h o u g h  f a i l u r e  to  
u t i l i s e  a l l  th e  medium s u b s t r a t e  h a s  n o t  p r e v i o u s ly  b e e n  r e p o r t e d .
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The r e d u c t i o n  in  th e  v i a b l e  c o u n t a f t e r  i n d u c t io n  r e f l e c t s  th e  c e l l s  
i n a b i l i t y  t o  c o n t in u e  g ro w th  f o r  m ore th a n  1 -  1 . 5  d o u b lin g s  d e s p i t e  
a te m p e r a tu r e  s h i f t  h a c k  t o  th e  p la s m id  DNA and p r o d u c t  r e p r e s s i n g  
t e m p e r a t u r e s . P r e s u m a b ly , a f t e r  1 h o u r a t  4 2 ° C ,  th e  c e l l s  a re  
s u f f i c i e n t l y  c o m m itte d  t o  a m p l i f y  t h e i r  p r o t e i n  and p la s m id  DNA 
l e v e l s  n o t  t o  b e  a b le  t o  r e c o v e r  and d i v i d e  f o r  th e  1 5 - 2 0  d o u b lin g s  
r e q u ir e d  to  form  a v i s i b l e  c o lo n y  on an a g a r  p l a t e .
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3 . 2  D e te r m in a t io n  o f  th e  minimum te m p e ra tu r e  f o r  co p y  number 
a m p l i f i c a t i o n :  The e f f e c t  o f  a l t e r e d  te m p e ra tu r e  s h i f t s  on th e  r a t e  
o f  in d u c t io n
Summary
F u r th e r  d e t a i l e d  s t u d i e s  on re c o m b in a n t p r o t e i n  e x p r e s s io n  from  th e  
d u a l o r i g i n  v e c t o r  r e q u ir e d  m ore p r e c i s e  in f o r m a t io n  on th e  
t e m p e r a tu r e s  r e q u ir e d  f o r  optim um  co p y  number s i m p l i f i c a t i o n .
To a c h ie v e  a c c u r a t e  te m p e ra tu r e  c o n t r o l  and c o n t r o l l e d  g ro w th  
c o n d i t i o n s ,  E . c o l i  1B 373 pMG171 w as grow n i n  c o n t in u o u s  c u l t u r e  a t  a 
r a n g e  o f  te m p e r a tu r e s  b e tw e e n  3 0 °C  and 3 7 ° C . A t  a d i l u t i o n  r a t e  
o f  0 . 1 5 6 / h r  w it h  c a r b o n  l i m i t a t i o n ,  s t e a d y  s t a t e  p - la c t a m a s e  l e v e l s  
show ed no s t a t i s t i c a l l y  s i g n i f i c a n t  i n c r e a s e  a t  te m p e r a tu r e s  b e tw e e n  
3 0 °G  and 3 6 ° C . The p la s m id  w as fou n d  t o  b e  s t a b l y  m a in ta in e d  
w i t h in  100% o f  th e  p o p u la t io n  a t  t h e s e  t e m p e r a t u r e s .
A te m p e r a tu r e  s h i f t  from  3 6 °C  t o  3 7 °C  r e s u l t e d  i n  r a p id ly  
i n c r e a s i n g  i n t r a c e l l u l a r  p - la c t a m a s e  c o n c e n t r a t i o n s ,  a c h ie v in g  
a m p l i f i c a t i o n  l e v e l s  s i m i l a r  to  t h o s e  o b s e r v e d  in  h a t c h  c u l t u r e  a t  
4 2 ° C .  p - la c t a m a s e  l e v e l s  d e c l i n e d  r a p id l y  h ow ev er due t o  th e  
a p p e a ra n c e  o f  p l a s m i d - f r e e  c e l l s .
I n c r e a s i n g  th e  te m p e r a tu r e  from  3 6 °C  to  3 8 °C  c a u se d  a m ore r a p id  
i n c r e a s e  i n  B -la c t a m a s e  l e v e l s  a lth o u g h  s i m i l a r  f i n a l  l e v e l s  w ere  
a c h ie v e d . The g ro w th  r a t e  d e p r e s s io n  from  co p y  num ber a m p l i f i c a t i o n  
w as s u c h  t h a t  a te m p o ra ry  d rop  i n  s t e a d y  s t a t e  b io m a s s  c o n c e n t r a t io n  
was o b s e r v e d . P la s m id - f r e e  c e l l s ,  a p p e a r in g  much e a r l i e r  th a n  a t  
3 7 ° C , s o o n  o v e rg re w  th e  c u l t u r e  and form ed a new s t e a d y  s t a t e .  
F e r m e n ta t io n  c o n d i t i o n s  r e q u ir e d  f o r  co p y  num ber a m p l i f i c a t i o n  w ere  
th u s  d e f in e d  a s  r e p r e s s e d  co p y  number a t  o r  b e lo w  3 6 °C  w it h  f u l l
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in d u ction  occu rrin g  at or  above 38°C.
3 . 2 . 1  I n t r o d u c t io n
I n  o r d e r  t o  c a r r y  o u t  a d e t a i l e d  s t u d y  on th e  p h y s i o l o g i c a l  e f f e c t s  
o f  re c o m b in a n t p r o t e i n  e x p r e s s io n  i n  E . c o l i  u s in g  th e  d u a l o r i g i n  
v e c t o r ,  i t  w as n e c e s s a r y  t o  d e l i n e a t e  th e  p r e c i s e  te m p e ra tu r e  
c o n d i t i o n s  r e q u ir e d  f o r  b o th  r e p r e s s i o n  and f o r  a m p l i f i c a t i o n  o f  cop y  
n u m ber. M in im is in g  th e  te m p e r a tu r e  s h i f t  r e q u ir e d  f o r  i n d u c t i o n ,  i f  
p o s s i b l e ,  w ou ld  n o t  o n ly  im p rov e  upon fe r m e n te r  c o n t r o l  b u t  a l s o  
a l l e v i a t e  p o t e n t i a l  s c a l e  up p r o b le m s .
R e p r e s s io n  o f  b o th  th e  b a c t e r io p h a g e  lam bda P_ and P_ p ro m o te rsJLi K
i s  e f f e c t e d  by  th e  lam bda c l  p r o t e i n  b in d in g  to  th e  p r o m o te r /o p e r a t o r  
r e g i o n ,  t h e r e b y  b lo c k in g  th e  a c c e s s  o f  RNA p o ly m e r a s e  and p r e v e n tin g  
t r a n s c r i p t i o n  ( L e ib  1 9 6 6 ;  J o h n so n  e t  a l . .  1 9 7 9 ) .  T r a d i t i o n a l l y  th e
g ro w th  te m p e ra tu r e  u se d  t o  m a in t a in  r e p r e s s i o n  h a s  b e e n  2 8 ° C .
T h e re  h a v e  h ow ever b e e n  num erous v a r i a t i o n s  t o  t h i s ,  r a n g in g  from  
3 0 °C  (Z a b e a u  & S t a n l e y ,  1 9 8 2 )  t o  3 4 °C  and 2 5 °C  ( S i e g e l  & R yu,
1 9 8 5 ) .  D e p r e s s io n  o f  b o th  P and P p r o m o te rs  h a s  m ost
ii K
f r e q u e n t l y  b e e n  a c t u a t e d  a t  4 2 ° G , a lth o u g h  te m p e r a tu r e s  a s  h ig h  as  
4 5 °G  h a v e  b e e n  u se d  (B e r n a r d  e t  a l . .  1 9 7 9 ) .  A r e d u c t io n  i n  th e  
in c u b a t io n  te m p e ra tu r e  t o  b e tw e e n  3 7 °C  and 4 1 °C  h a s  o f t e n
fo l lo w e d  th e  i n i t i a l  sh o c k  i n  an a tte m p t to  a c c u m u la te  th e  maximum 
am ount o f  c lo n e d  p r o t e i n  (L a r s e n  e t  a l . . 1 9 8 4 ;  B e rn a rd  e t  a l . f 1 9 7 9 ) .
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Few r e p o r te d  s t u d i e s  h a v e  d e l i n e a t e d  a ra n g e  o f  te m p e r a tu r e s  o v e r  
w h ic h  f u l l  o r  p a r t i a l  r e p r e s s i o n  o c c u r s  w it h  t h s e  t y p e s  o f  e x p r e s s io n  
v e c t o r s .  T h is  s e c t i o n  d e s c r i b e s  th e  e f f e c t  o f  s t e p  i n c r e a s e s  in  
in c u b a t io n  te m p e r a tu r e  on  lam bda PR m e d ia te d  co p y  number 
a m p l i f i c a t i o n  from  th e  d u a l o r i g i n  p la s m id  pMG171 i n  E . c o l i  1B 373 as  
m easu red  b y  p -la c t a m a s e  s y n t h e s i s .  I n  o r d e r  t o  m a in t a in  a l l  g row th  
c o n d i t i o n s  c o n s t a n t  a t  th e  d i f f e r e n t  te m p e r a t u r e s , c a rb o n  l i m i t e d  
c o n tin u o u s  c u l t u r e  was u s e d  i n  p r e f e r e n c e  t o  b a t c h  c u l t u r e .
3 . 2 . 2  M eth od s
3 . 2 . 2 . 1  G e n e r a l
E . c o l i  1B 373 pMG171 was grow n and p r e p a r e d  f o r  a fe r m e n te r  in o cu lu m  
a s  b e f o r e  ( 3 . 1 . 2 . 8) .  C u ltu r e  b io m a ss  w as e s t im a t e d  b y  o p t i c a l  
d e n s i t y  m easu rem en ts ( 3 . 1 . 2 . 1 ) ,  n u t r i e n t  l e v e l s  b y  enzym e a s s a y  k i t s  
( 3 . 1 . 2 . 3 )  and th e  p r o p o r t io n  o f  th e  p o p u la t io n  b e a r in g  th e  p la s m id  by  
com p arin g  g ro w th  on s e l e c t i v e  and n o n - s e l e c t i v e  n u t r i e n t  medium  
( 3 . 1 . 2 . 5 ) .  p - la c t a m a s e  a s s a y s  w ere p e r fo rm e d  u s in g  a m o d i f i c a t i o n  
o f  th e  m ethod o f  S a r g e n t  ( 1 9 6 8 )  ( 3 . 1 . 2 . 4 ) .
3 . 2 . 2 . 2  C o n tin u o u s  C u ltu r e  F e r m e n ta t io n
SM6 c o n t in u o u s  c u l t u r e  m edium , c o n t a in in g  4 . 0  g /1  o f  g l y c e r o l  to  
e n s u r e  c a rb o n  l i m i t e d  g ro w th  c o n d i t i o n s ,  was p r e - s t e r i l i s e d  w i t h in  an  
MBR M in i B io r e a c t o r  s e t  t o  a w o rk in g  volu m e o f  1 . 5  l i t r e s .  The 
fe r m e n te r  was p r e p a r e d  and p r o b e s  c a l i b r a t e d  a s  b e f o r e  ( 3 . 1 . 2 . 9 ) .  
pH was c o n t r o l l e d  a t  7 . 0  ± 0 . 1  u s in g  s t e r i l e  3M NaOH o r  1M
H^SO^. The d i s s o l v e d  o x y g en  t e n s io n  was m a in ta in e d  a b o v e  45% o f  
s a t u r a t i o n  b y  th e  u s e  o f  s p a r g e d  s t e r i l e  a i r ,  s e t  t o  1 v .v .m  f lo w
r a t e ,  and a s t i r r e r  s p e e d  o f  b e tw e e n  6 0 0  and 7 0 0  rpm . The fe r m e n te r
te m p e r a tu r e  was c o n t r o l l e d  and a d ju s t e d  when r e q u ir e d  a s  b e f o r e  
( 3 . 1 . 2 . 9 ) .
A f t e r  i n o c u l a t i o n ,  th e  c u l t u r e  was in c u b a te d  a t  th e  r e q u ir e d  s t a r t i n g  
te m p e r a tu r e . G row th was m o n ito r e d  u n t i l  an o p t i c a l  d e n s i t y  o f  a t  
l e a s t  60% o f  th e  maximum s u p p o r te d  h y  th e  medium w as re a c h e d  
w h ereu pon  a pump s u p p l ie d  f r e s h  c o m p le te  medium t o  th e  fe r m e n te r  a t  a 
p r e -d e t e r m in e d  f lo w  r a t e .  C u lt u r e  volu m e w as m a in ta in e d  a t  a 
c o n s t a n t  b y  th e  u s e  o f  an  o v e r f lo w  w e ir  t o  a w a s te  r e s e r v o i r .  M edia  
w as s u p p l ie d  a t  a r a t e  r e q u ir e d  t o  g iv e  a d i l u t i o n  r a t e  o f  b etw een  
0 .1 4 7  and 0 .1 5 6 /h o u r  u s in g  th e  f o l l o w i n g  fo r m u la ,
D =  F ( P i r t ,  1 9 7 5 )
V
w here D =  fe r m e n te r  d i l u t i o n  r a t e  ( / h o u r ) ,  F =  pump f lo w  r a t e  
( m l /h o u r )  and V =  fe r m e n te r  volu m e ( m l ) .
V a r i a t i o n s  i n  d i l u t i o n  r a t e  d u r in g  a c o n t in u o u s  c u l t u r e  w ere fou n d  to  
b e  l e s s  th a n  2 .5 % ,  when d e te r m in e d  b y  p e r i o d i c  m e asu rem e n ts u s in g  an  
i n - l i n e  b u r e t t e .
The number o f  c u l t u r e  g e n e r a t io n s  e la p s in g  d u r in g  e a c h  fe r m e n t a t io n  
was c a l c u l a t e d  u s in g  th e  f o l l o w in g  fo r m u la :
A Gen =  ( t±  -  t p ) . D 
In  2
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w here A Gen = th e  num ber o f  c u l t u r e  g e n e ra t io n s  be tw een t im e  p o in ts  
t ^  and t g j  I n  2 = n a t u r a l  lo g a r i th m  o f  2 and D = th e  d i l u t i o n  
r a te  be tw een t im e  p o in ts  t ^  and t Q.
A s te a d y  s ta te  was s a id  to  o c c u r a f t e r  a p p ro x im a te ly  3 c u l tu r e  
vo lum es o f  f r e s h  m edia had passed  th ro u g h  th e  v e s s e l,  p ro v id e d  t h a t  
a l l  o th e r  fe rm e n ta t io n  p a ra m e te rs  (s u c h  as DOT, OD and e x h a u s t gas 
a n a ly s is )  had rem a ined  c o n s ta n t .
3 .2 .3  R e s u lts
3 .2 .3 .1  D e te rm in a t io n  o f  th e  minimum te m p e ra tu re  f o r  copy number 
a m p l i f i c a t io n .
F ig u re  3 .9  shows th e  e f f e c t  o f  s te p p e d  in c re a s e s  in  in c u b a t io n  
te m p e ra tu re  on p - la c ta m a s e  s y n th e s is  fro m  E . c o l i  1B373 pMG171. A t  a 
f i x e d  d i l u t i o n  r a te  o f  0 .1 5 6 /h r ,  no in c re a s e s  i n  {J -lac tam ase  le v e ls  
w ere  ob se rve d  betw een 30°C and 36°G. The p la s m id  was fo u n d  to  
be 100% s ta b le  th ro u g h o u t t h i s  p e r io d  o f  5 7  g e n e ra t io n s .
The s te a d y  s ta te  p - la c ta m a s e  v a lu e s  a t  te m p e ra tu re s  betw een 30°C 
and 36°C a re  shown i n  T a b le  3 .2 .  A s t a t i s t i c a l  a n a ly s is ,  u s in g  
two s id e d  t - t e s t s ,  su g g e s te d  th a t  none o f  th e  t e s t  s t a t i s t i c s  had 
v a lu e s  g r e a te r  th a n  th e  c r i t i c a l  v a lu e s  a t  th e  5% le v e l  o f  
s ig n i f ic a n c e  and th u s  th e re  was no s ig n i f i c a n t  d i f f e r e n c e  betw een any 
o f  th e  jB -lac tam ase  le v e ls .
In c r e a s in g  th e  te m p e ra tu re  fro m  36°C to  37°C caused a v e ry  r a p id
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in c re a s e  i n  B -la c ta m a s e  s y n th e s is ,  p e a k in g  a t  a p p ro x im a te ly  9 .5  f o ld  
h ig h e r  th a n  th e  mean v a lu e  re c o rd e d  betw een 30°C and 36°G , w i t h in
1 1 .4  g e n e ra t io n s  (50 h o u r s ) .  T h e r e a f te r ,  th e  p - la c ta m a s e  
c o n c e n tra t io n  f e l l  to  a v a lu e  2 .6  f o ld  h ig h e r  th a n  th e  u n in d u ce d  
le v e ls ,  46 g e n e ra t io n s  a f t e r  i n i t i a l  a m p l i f i c a t io n .  The d e c l in e  was 
p re su m a b ly  due to  th e  appearance  o f  p la s m id - f r e e  c e l l s  w i t h in  th e  
t o t a l  p o p u la t io n  a lth o u g h  th e  s p e c i f i c  c o n c e n tra t io n  o f  ]B -lactam ase 
f o r  th e  p la s m id  c o n ta in in g  p r o p o r t io n  (U /0D /P +  p r o p o r t io n )  was found  
to  in c re a s e  s i g n i f i c a n t l y  d u r in g  th e  p e r io d .  By 48 g e n e ra t io n s  
a f t e r  in d u c t io n  th e  p r o p o r t io n  o f  th e  c e l l s  s t i l l  p o s s e s s in g  th e  
p la s m id  had f a l l e n  to  11% o f  th e  t o t a l  p o p u la t io n .
-9 2 -
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F ig u re  3 .9  The e f f e c t  o f  in c re a s e d  te m p e ra tu re  on e x p re s s io n  o f  
B -la c ta m a s e  fro m  E . c o l i  1B373 PMG171 in  c o n tin u o u s  c u l tu r e  
a t  a d i l u t i o n  r a te  o f  0 .1 5 6 /h r .
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Table 3.2 Steady state p-lactamase concentrations at different
temperatures in carbon limited continuous culture at a
dilution rate of 0.156/hr.
Temp. 
°C
Mean S teady  S ta te  
p - la c ta m a s e  
U n its /O D  ( x )
S ta n d a rd
± (n )
D e v ia t io n
n
30 2 2 .4 0 5 .2 6 6 3
34 1 5 .46 3 .159 3
35 1 9 .93 2 .005 4
36 25 .68 7 .0 7 1 4
S t a t i s t i c a l  A n a ly s is : Two s id e d  T - t e s t  
D egrees o f  Freedom = (n q ~ l)  + ( n 2~ l )
____________ Xq -  X 2_________
T e s t S t a t i s t i c  = ( n q - l) S q  2 + ( n 2~ l) S 2 2 1 1
___________________________  x    + __
( n q -1 )  + (n 2- l )  nq n 2
T e s t S t a t i s t i c  be tw een Tem p.qand Temp. 2 (d e g re e s  o f  freedom )
(5 )
(5 )
(6)
1% le v e l  = 4 . 6 0  
1% le v e l  = 4 . 0 3  
1% le v e l  = 3 .7 1
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34 35 36
30 1 .9 6  ( 4 )  0 .8 8  (5 )  0 .6 7 1
34 -  2 .3 1  (5 )  2 .2 9
35 -  -  1 .5 6
S ig n if ic a n c e  L e v e l
4 Degrees o f  Freedom , 5% s ig n i f ic a n c e  le v e l  = 2 .7 8 ,
5 Degrees o f  Freedom , 5% s ig n i f ic a n c e  le v e l  = 2 .5 7 ,
6 Degrees o f  Freedom , 5% s ig n i f ic a n c e  le v e l  = 2 .4 5 ,
3 .2 .3 .2  The e f f e c t  o f  te m p e ra tu re  o f  in d u c t io n  on a m p l i f i c a t io n  o f  
B -la c ta m a s e  le v e ls  and p la s m id  s t a b i l i t y  
I n  o rd e r  to  s tu d y  th e  in f lu e n c e  o f  in c u b a t io n  te m p e ra tu re  above th a t  
ca p a b le  o f  in d u c in g  th e  d u a l o r i g i n  v e c to r ,  tw o ch e m o sta ts  o p e ra t in g  
a t  id e n t ic a l  d i l u t i o n  r a te s  and u n d e r ca rbon  l i m i t i n g  c o n d it io n s  w ere 
s h i f t e d  fro m  36°C to  37°C and 38°C r e s p e c t iv e ly .  The d i l u t i o n  
r a te s  m easured w ere  v e ry  s im i la r ,  a t  0 .1 4 7 /h r  and 0 .1 5 3 /h r .  
p - la c ta m a s e  a m p l i f i c a t io n  was m easured b y  th e  deg re e  o f  in c re a s e  
above u n in d u c e d  le v e ls .
The d i f fe r e n c e  be tw een th e  k in e t i c s  o f  a m p l i f i c a t io n  can be seen in  
F ig u re  3 .1 0 . p - la c ta m a s e  a m p l i f i c a t io n  a t  37°C o c c u rre d  more 
s lo w ly  th a n  a t  38°C , w here n e a r ly  80% o f  th e  peak v a lu e  .was reached 
w i t h in  8 h o u rs .  The f i n a l  v a lu e s  a t ta in e d  how ever w ere b ro a d ly  
s im i la r  -  peak v a lu e s  w ere  a c h ie v e d  a f t e r  1 6 .2  g e n e ra t io n s  a t  37°C 
and 5 .4  g e n e ra t io n s  a t  38°C .
As b e fo r e ,  p la s m id - f r e e  c e l l s  a ro se  w i t h in  th e  c u l t u r e  a f t e r  
in d u c t io n ,  a lth o u g h  f a r  more r a p id ly  a t  38°C th a n  a t  37°C . 
A f t e r  31 g e n e ra t io n s  p o s t in d u c t io n  a t  37°C , th e  p r o p o r t io n  o f  th e  
p o p u la t io n  h e a r in g  th e  p la s m id  had f a l l e n  to  17% compared w i t h  7% by
6 .3  g e n e ra t io n s  a t  38°C .
The appearance o f  p la s m id - f r e e  c e l l s  a g a in  c o in c id e d  w i t h  s ig n i f i c a n t  
d ro p s  i n  th e  p - la c ta m a s e  t i t r e ,  a lth o u g h  s p e c i f i c  p - la c ta m a s e  le v e ls  
( p e r  p la s m id  c o n ta in in g  p r o p o r t io n )  in c re a s e d .
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Figure 3.10 The effect of temperature induction to 37°C and 38°C
on a m p l i f i c a t io n  o f  p - la c ta m a s e  le v e ls  and p la s m id
s t a b i l i t y
Tomporoture Induction,36*C to 37*C
Generations After Induction 
□  0 -Iac tm ase  +  Plasmid Bearing
Temperature Induction,36*C to  38X1
Generations A fter Induction 
□  0— lactamase +  Plasmid Bearing
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T e m p e ra tu re  in d u c t io n  to  38°C was fo u n d  to  a f f e c t  th e  s te a d y  s ta te  
b iom ass c o n c e n tr a t io n  (F ig u re  3 .1 1 ) .  W ith in  5 .4  g e n e ra t io n s  th e  
o p t i c a l  d e n s ity  d ropped  fro m  3 .6  to  2 .3  u n i t s ,  c o in c id in g  w i th  
m axim al le v e ls  o f  p - la c ta m a s e  s y n th e s is .  D u r in g  t h i s  t im e ,  th e  
c o n c e n tra t io n  o f  g ly c e r o l ,  p r e v io u s ly  a t  l i m i t i n g  le v e ls ,  ro s e  w i t h in  
th e  medium d e s p ite  a l l  o th e r  n u t r ie n t s  b e in g  i n  e x ce ss . A f t e r  6 .3  
g e n e ra t io n s  h o w e ve r, th e  o p t i c a l  d e n s ity  ro s e  d r a m a t ic a l ly  n e a r ly  to  
p re v io u s  le v e ls ,  accom panied b y  an in c re a s e  i n  th e  p r o p o r t io n  o f  
p la s m id - f r e e  c e l l s  fro m  b e lo w  d e te c ta b le  le v e ls  to  an ove rw he lm in g  
m a jo r i t y  o f  th e  p o p u la t io n  (9 3 -9 9 % ). T h is  c o in c id e d  w i t h  th e  
a v a i la b le  g ly c e r o l  c o n c e n tr a t io n  r e tu r n in g  to  b e lo w  m e a su ra b le  le v e ls .
In d u c t io n  to  37°C , i n  co m p a riso n , showed no d ro p  i n  s te a d y  s ta te  
b iom ass c o n c e n tra t io n s  o r  g ly c e r o l  a c c u m u la tio n  (d a ta  n o t  show n).
3.2.3.3 The effect of temperature induction on steady state biomass
concentration in continuous culture
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Figure 3.11 The effect of temperature induction on steady state
biomass concentrations in continuous culture at a
dilution rate of 0.153/hr.
Generations After induction 
□ 0D(6Q0nm) + GlyceroI(mg/l +100)
X X Plasmid (* 10)
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3.2.4 Discussion
C arbon l im i t e d  c o n tin u o u s  c u l t u r e  was used to  p e r fo rm  a d e ta i le d ,  
r e p ro d u c ib le  s tu d y  d e f in in g  th e  e f f e c t  o f  te m p e ra tu re  on copy number 
c o n t r o l  o f  th e  d u a l o r i g i n  v e c to r .  C hem ostat c u l t u r e  was 
s p e c i f i c a l l y  used to  e n su re  th a t  a l l  c u l t u r a l  c o n d it io n s  were
m a in ta in e d  a t  a c o n s ta n t w h i l s t  v a ry in g  o n ly  th e  g ro w th
te m p e ra tu re . A n a ly s is  o f  p - la c ta m a s e  s y n th e s is  fro m  E . c o l i  1B373 
pMG171 was em ployed as i t  had p r e v io u s ly  been shown to  he a good 
in d ic a t io n  o f  copy number in c re a s e s  even a lth o u g h  a t  h ig h
a m p l i f i c a t io n  fa c to r s  i t  was fo u n d  n o t  to  he l i n e a r  w i t h  p la s m id  DNA 
c o n te n t ( 3 . 1 . 3 . 2 ) .
A t  a d i l u t i o n  r a te  o f  0 .1 5 6 /h r ,  u s in g  g ly c e r o l  as th e  l i m i t i n g  ca rbon
s o u rc e , th e  p - la c ta m a s e  c o n te n t o f  c e l l s  was fo u n d  to  be c o n s ta n t a t
s te a d y  s ta te  v a lu e s  be tw een 30°C and 36°C . T h is  in d ic a te d  th a t
th e  lam bda c l g57 p r o t e in  was n o t  s u f f i c i e n t l y  d e n a tu re d  to  p e rm it
s i g n i f i c a n t  d e re p re s s io n  o f  th e  lam bda P p ro m o te r .  O ver t h isK
te m p e ra tu re  ra n g e , th ro u g h o u t 37 g e n e ra t io n s ,  th e  p la s m id  was found  
to  be 100% s ta b le  -  a good c o r r e la t io n  w i t h  th e  e a r l i e r  w o rk  u s in g  
E . c o l i  RV308 pMG165 ( C a u lc o t t  e t  a l . . 1 9 8 5 ).
T e m pera tu re  s h i f t s  above 36°C , to  37°C and 38°C , d id  how ever 
a m p li fy  th e  p - la c ta m a s e  c o n te n t  c o n s id e ra b ly .  A m p l i f ic a t io n  
o c c u rre d  much more r a p id ly  a t  38°C th a n  a t  37°G, p resum ab ly  
in d ic a t in g  e i t h e r  t h a t  an in c re a s e d  p r o p o r t io n  o f  c e l l u l a r  c l  p r o te in  
was le s s  ca p a b le  o f  b in d in g  th e  lam bda P^ p ro m o te r r e g io n ,  o r  th a t  
th e re  was a g re a te r  g e n e ra l r e d u c t io n  i n  th e  a f f i n i t y  o f  a l l  th e  c l  
p r o t e in  f o r  th e  o p e r a to r .  D e s p ite  d i f f e r e n t i a l  r a te s ,  b ro a d ly
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s im i la r  f i n a l  deg rees  o f  a m p l i f i c a t io n  w ere  seen a t  b o th  
te m p e ra tu re s . The s l i g h t  r e d u c t io n  i n  le v e ls  a t  38° how ever m ig h t 
have been due to  th e  in c re a s e d  p re v a le n c e  o f  p la s m id - f r e e  c e l l s  a t  
t h a t  s ta g e . B o th  peak r e s u l t s  w ere a g a in  s im i la r  to  th o s e  obse rve d  
i n  b a tc h  c u l t u r e ,  a lth o u g h  a m p l i f i c a t io n  o c c u rre d  o v e r  a c o n s id e ra b ly  
lo n g e r  t im e s c a le  -  i n  excess o f  22 h o u rs  compared w i t h  4 -6  h o u rs
( 3 . 1 . 3 . 2 ) .
A f t e r  in d u c t io n ,  th e  p - la c ta m a s e  c o n te n t peaked and th e n  f e l l  to w a rd s  
z e ro ,  m ost r a p id ly  a t  38°C , due to  th e  appearance  and o v e rg ro w th  o f  
p la s m id - f r e e  c e l l s .  I n  each ca se , o v e rg ro w th  b y  p la s m id - f re e  c e l l s  
c o in c id e d  w i t h  a c a lc u la te d  in c re a s e  i n  th e  s p e c i f i c  p - la c ta m a s e  
c o n te n t  p e r  p la s m id  c o n ta in in g  c e l l .  T h is  in c re a s e  was m ost l i k e l y  
due to  th e  in a c c u ra c y  o f  th e  p la s m id  s t a b i l i t y  assay  r a th e r  th a n  an 
a c tu a l i n t r a c e l l u l a r  in c re a s e .  P la sm id  c o n ta in in g  c e l l s  a f t e r  
th e rm a l in d u c t io n ,  have been p r e v io u s ly  shown to  e x h ib i t  a r e d u c t io n  
i n  t h e i r  p la t in g  e f f i c ie n c y  ( 3 . 1 . 3 . 3 . ) .  The p la s m id - f r e e  c e l l  
p r o p o r t io n  i s  th e r e fo r e  fa v o u re d  i n  v ia b le  c o u n ts  and i s  p ro b a b ly  
o v e r - r e p r is e n te d .  Because th e  s t a b i l i t y  assay o n ly  r e f l e c t s  th e  
p r o p o r t io n  o f  p la s m id -b e a r in g  c e l l s  in  th e  v ia b le  p o p u la t io n ,  as 
opposed to  th e  t o t a l  p o p u la t io n ,  th e  p r o p o r t io n  o f  p la s m id - f r e e  
c e l l s ,  and hence th e  amount o f  p - la c ta m a s e  p e r  p la s m id  c o n ta in in g  
c e l l ,  a re  p ro b a b ly  o v e r - e s t im a te s .
The te m p e ra tu re s  d e te rm in e d  above d i f f e r  fro m  th o s e  re p o r te d  f o r  
o th e r  s i m i l a r l y  c o n t r o l le d  v e c to rs  such  as th e  lam bda P^ c o n t r o l le d  
copy number a m p l i f i c a t io n  o f  pOU71. T e m p e ra tu re s  o f  38°C and 
above w ere d e f in e d  b e fo re  p la s m id  copy number was fo u n d  to  in c re a s e
c e l l  r e s is ta n c e  to  a m p ic i l l i n  on a g a r p la te s  a t  th e  v a r io u s
te m p e ra tu re s  s tu d ie d ,  w i t h  no p re c is e  c o n t r o l  o f  o th e r  g ro w th
c o n d i t io n s .  More p r e c is e  e x p e r im e n ts , i n  b io r e a c to r s ,  w ere
p e rfo rm e d  on th e  e f f e c t  o f  te m p e ra tu re  on lam bda P^ p ro m o te r
a c t i v i t y  u s in g  th e  p la s m id  pP Lc23 trpA L  w h ic h  d i r e c te d  th e  in d u c ib le
e x p re s s io n  o f  th e  t rp A  p r o t e in  (S ie g e l & R yu, 1 9 8 5 ). T em pera tu res
up to  and in c lu d in g  38 .2°G  showed no in c re a s e  i n  t r p A  e x p re s s io n
w h ile  a t  38 .6 °C  a 9 f o ld  enhancem ent was fo u n d . S im i la r l y  O k ita
e t  a l . (1 9 8 9 ) ,  fo u n d  n e g l ig ib le  in c re a s e  i n  e x p re s s io n  a t  38.5°G
and re q u ir e d  39 .5 °C  f o r  PT d ir e c te d  e x p re s s io n  o f  m a la r ia lLi
a n t ig e n s .  D e re p re s s io n  o f  copy number i n  pMG171 seems to  o c c u r a t  
s i g n i f i c a n t l y  lo w e r te m p e ra tu re s  th a n  th o s e  r e l i a b l y  re p o r te d  f o r  
lam bda PT c o n t r o l le d  e x p re s s io n . There  i s  a p o s s i b i l i t y  th e r e fo r eJu
t h a t  th e  c l 0__ p r o t e in  m ig h t have d i f f e r i n g  a f f i n i t i e s  f o r  th eoD /
lam bda P^ and PR p ro m o te r r e g io n  a t  d i f f e r i n g  te m p e ra tu re s  o r  
u n d e r a l t e r e d  c u l t u r a l  c o n d i t io n s .
A m p l i f i c a t io n  o f  copy number a t  38°C was s u f f i c i e n t  to  reduce  th e  
c e l l  g ro w th  r a te  to  an e x te n t  t h a t  th e  c e l l  d e n s i ty  d ropped  in  
c o n tin u o u s  c u l t u r e .  P resum ab ly  th e  maximum s p e c i f i c  g ro w th  r a te  o f  
p la s m id  c o n ta in in g  c e l l s  d ropped  b e lo w  th a t  o f  th e  d i l u t i o n  r a te ,  
c a u s in g  w ashout c o n d it io n s  to  o c c u r .  As a r e s u l t ,  th e  l i m i t i n g  
s u b s t ra te  accu m u la te d  i n  th e  medium. A t th e  p o in t  o f  maximum 
r e p re s s io n  o f  p la s m id -b e a r in g  c e l l  g ro w th  p la s m id - f r e e  c e l l s  were 
c a p a b le  o f  g ro w th  i n  th e  p re se n ce  o f  excess s u b s t ra te  and 
c o n s e q u e n tly  o v e rg re w  th e  c u l t u r e .  The a v a i la b le  s u b s t ra te  was 
consumed and a new s te a d y  s ta te  was fo rm e d . I f  o n ly  p la s m id - f re e  
c e l l  g ro w th  i s  assumed, th e  in c re a s e  i n  c e l l  d e n s i ty  obse rve d  was
(Larsen et al., 1984). Their work, however, only measured single
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e q u iv a le n t  to  a g ro w th  r a te  o f  a p p ro x im a te ly  0 .2 3 2 /h r  -  a f ig u r e  t h a t  
f i t s  re a s o n a b ly  be tw een th e  g ro w th  r a te s  m easured f o r  th e  E . c o l i  h o s t  
a t  30°C and 42°C ( 3 . 1 . 3 . 3 ) .
These p la s m id - f r e e  c e l l s  may have been p re s e n t w i t h in  th e  c u l tu r e
p r i o r  to  in d u c t io n  a t  u n d e te c ta b le  le v e ls  o r  th e y  may have been 
g e n e ra te d  s p o n ta n e o u s ly  as a r e s u l t  o f  d e re p re s s io n  o f  th e  p la s m id . 
The o r i g in  o f  th e s e  p la s m id - f r e e  c e l l s  c o u ld  n o t  be d e te rm in e d  in  
th e s e  e x p e r im e n ts . I t  i s  how ever le s s  l i k e l y  t h a t  th e  p la s m id - f r e e  
c e l l s  w ere s o le ly  d e r iv e d  fro m  p la s m id  c o n ta in in g  c e l l s  a f t e r  th e  
p o in t  o f  in d u c t io n  s in c e  copy number w o u ld  have in c re a s e d  and th u s  
reduced  th e  m a th e m a tic a l p r o b a b i l i t y  o f  t h e i r  g e n e ra t io n  (P r im ro s e  e t  
a l . ,  1 9 8 4 ). The p o s s i b i l i t y  o f  p la s m id  lo s s  due to  th e  fo rm a t io n  o f
m u lt im e rs  ca n n o t how ever be e x c lu d e d  (Summers & S h e r r a t t ,  1984)
a lth o u g h  b o th  m onom eric and m u lt im e r ic  fo rm s w ere  o b se rve d  on agarose  
g e ls .  The m ost l i k e l y  cause f o r  t h e i r  appearance i s  t h a t  p la s m id -  
f r e e  c e l l s  w ere g e n e ra te d  a t  a lo w  fre q u e n c y  i n  th e  u n in d u ce d  lo w  
copy number s t a t e ,  pe rhaps  as a r e s u l t  o f  a f a i l u r e  i n  th e  p a r  lo c u s  
o r  s im p ly  random m u ta t io n .  They may have rem a ined  u n d e te c te d , due 
to  th e  p o o r s e n s i t i v i t y  o f  th e  p la s m id  s t a b i l i t y  a s s a y , and n o t  been 
removed fro m  th e  c u l t u r e  because o f  th e  n o n - s e le c t iv e  c o n d it io n s .
On th e rm a l in d u c t io n  th e r e fo r e ,  th e re  may have e x is te d  a lo w  le v e l  
" c o n ta m in a t io n "  o f  p la s m id - f r e e  c e l l s  w h ic h  c o u ld  th e n  o u tg ro w  th e  
p la s m id -b e a r in g  p r o p o r t io n  and s u b s e q u e n tly  o ve rg ro w  th e  c u l t u r e .
F e rm e n ta tio n  te m p e ra tu re s  have th e r e fo r e  been d e f in e d  fro m  th e s e  
e x p e r im e n ts . T e m p e ra tu re s  i n  th e  range  up to  36°G f o r
u n a m p lif ie d  p la s m id  r e p l i c a t io n  a re  p e rm is s a b le  w i t h  38°C o r  above
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b e in g  r e q u ir e d  f o r  f u l l  and r a p id  in d u c t io n .  A lth o u g h  th e  e f f e c t  o f  
th e s e  te m p e ra tu re s  on re c o m b in a n t p r o te in  e x p re s s io n  i n  b a tc h  c u l tu r e  
has n o t  been d e te rm in e d , th e  range  o v e r w h ic h  copy number 
a m p l i f i c a t io n  o c c u rs  has been more c lo s e ly  d e f in e d  and can now be 
a p p lie d  f o r  f u r t h e r  e x p e r im e n ta t io n .  The p o s s i b i l i t y  o f  re d u c in g  
th e  te m p e ra tu re  in c re a s e  r e q u ire d  fro m  12°G (30  to  42°C ) down to  
2°C (36  to  38°G) w o u ld  s i g n i f i c a n t l y  im p ro ve  b o th  fe r m e n ta t io n
te m p e ra tu re  c o n t r o l  and th e  econom ics o f  any p ro c e s s  so d e s ig n e d .
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3 .3  An in v e s t ig a t io n  in t o  th e  e f f e c t  o f  c e l l  g ro w th  r a te  on in d u c t io n  and 
e x p re s s io n  o f  re c o m b in a n t p r o t e in  fro m  th e  d u a l o r i g i n  v e c to r  i n  
b a tc h  c u l t u r e
Summary
I n  o rd e r  to  e v a lu a te  th e  e f f e c t  o f  th e  E . c o l i  c e l l  s p e c i f i c  g ro w th  
r a te  on th e  p r o d u c t io n  o f  re c o m b in a n t p r o te in s  fro m  th e  d u a l o r ig in  
v e c to r ,  e x p re s s io n  o f  a m odel p r o t e in ,  c h lo ra m p h e n ic o l 
a c e ty l t r a n s fe r a s e  (CAT; fro m  th e  p la s m id  pMG169), was s tu d ie d  in  
d e t a i l .
S p e c i f ic  g ro w th  r a te  was v a r ie d  p r i o r  to  in d u c t io n  th ro u g h  c h o ic e  o f  
ca rb o n  s u b s t r a te  and fe rm e n ta t io n  te m p e ra tu re  ( w i t h in  th e  l i m i t s  
p r e v io u s ly  d e te rm in e d  -  C h a p te r 3 . 2 ) .  Each c u l t u r e  was th e n  in d u ce d  
b y  a s ta n d a rd  p r o f i l e  -  a p e r io d  a t  42°C fo l lo w e d  b y  a r e d u c t io n  in  
th e  te m p e ra tu re  to  37°C to  m ax im ise  p ro d u c t a c c u m u la t io n .
H ig h e r  i n i t i a l  g ro w th  r a te s  r e s u l te d  i n  g r e a te r  le v e ls  o f  CAT 
a c c u m u la tio n , s w i f t e r  copy number a m p l i f i c a t io n  and p r o te in  
a c c u m u la tio n  a f t e r  in d u c t io n .  F in a l  s p e c i f i c  p ro d u c t  t i t r e s  and 
s p e c i f i c  p r o d u c t io n  r a te s  w ere fo u n d  n o t  to  d i f f e r  s i g n i f i c a n t l y  
h o w e ve r. C o n d it io n s  e xp e c te d  to  p ro v id e  th e  h ig h e s t  i n i t i a l  g ro w th  
r a te  (35°C  on g lu c o s e  s u b s t r a te )  u n e x p e c te d ly  r e s u l te d  i n  h ig h  
p r e - in d u c t io n  le v e ls  o f  CAT e x p re s s io n  and a r e l a t i v e l y  lo w  maximum 
s p e c i f i c  g ro w th  r a t e .
U nder a l l  c o n d i t io n s ,  th e  s p e c i f i c  g ro w th  r a te  o f  c e l l s  a f t e r  
in d u c t io n  f e l l  to w a rd s  z e ro  as i n  p re v io u s  e x p e r im e n ts ( 3 . 1 . 3 . 3 . )  -
th e  consequence o f  p ro d u c t  e x p re s s io n . The g ro w th  r a te  o f ,  c e l l s  
t h a t  had been grow n i n i t i a l l y  a t  h ig h e r  g ro w th  r a te s  how ever f e l l
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more q u ic k ly  to  z e ro ,  and c o n s e q u e n tly  a c h ie v e d  a lo w e r  o v e r a l l  f i n a l  
c e l l  d e n s i ty .  From th e s e  r e s u l t s ,  th e  i n i t i a l  s p e c i f i c  g ro w th  r a te  
o f  E . c o l i  c e l l s  was fo u n d  to  he in v e r s e ly  p r o p o r t io n a l  to  th e  amount 
o f  b iom ass a c c u m u la tio n  a f t e r  in d u c t io n .
3 .3 .1  In t r o d u c t io n
P re v io u s  e x p e rim e n ts  have shown t h a t  b o th  copy num ber a m p l i f i c a t io n  
and re c o m b in a n t p r o te in  e x p re s s io n  was p o s s ib le  fro m  d u a l o r ig in  
p la s m id s  i n  d e f in e d  fe rm e n ta t io n  c o n d it io n s  (C h a p te r 3 . 1 ) .  I n  
a d d i t io n ,  th e  range  o f  th e  te m p e ra tu re s  r e q u ir e d  f o r  in d u c t io n  
(C h a p te r 3 .2 )  has a ls o  been d e l in e a te d .  From t h i s  b a s e lin e  i t  was 
p o s s ib le  to  s tu d y  p h y s io lo g ic a l  p a ra m e te rs  c a p a b le  o f  a f f e c t in g  
p r o t e in  a c c u m u la tio n  w h ic h , i n  t u r n ,  c o u ld  m ax im ise  fe r m e n ta t io n  
p r o d u c t i v i t y .
The m ost c o m p re h e n s iv e ly  s tu d ie d  p h y s io lo g ic a l  p a ra m e te r known to  
e f f e c t  re c o m b in a n t p r o t e in  a c c u m u la tio n  i s  th e  E . c o l i  s p e c i f i c  g ro w th  
r a t e .  M ost r e p o r ts  have d e s c r ib e d  c o n s t i t u t i v e l y  exp ressed  
p r o te in s ,  such  as p - la c ta m a s e , w h ic h  o n ly  a ccu m u la te  a t  lo w  le v e ls  
(E ngberg  & N o rd s tro m , 1975; Seo & B a i le y  ,1985 ) .
I n  th e s e , s p e c i f i c  g ro w th  r a te  has been shown to  in f lu e n c e  b o th  
p ro d u c t io n  o f  th e  re c o m b in a n t p r o t e in  i t s e l f  (Seo & B a i le y ,  1985; 
Engberg  & N o rd s tro m , 1975; M iz u ta n i e t  a l . r 1985) and th e  copy number 
o f  th e  p la s m id  ( S ie g e l & Ryu, 1985; Seo & B a i le y ,  1985; Engberg & 
N o rd s tro m , 1 9 7 5 ). G row th  r a te  e f f e c t s  have a ls o  been ob se rve d  on 
re c o m b in a n t p ro d u c ts  e xp re sse d  i n  o th e r  b a c te r ia  such  as B a c i l lu s  
s te a ro th e rm o p h ilu s  (K o iz u m i e t  a l . .  1 9 8 5 ).
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L i t t l e  w o rk  has been re p o r te d  on th e  e f f e c t  o f  g ro w th  r a te  on 
in d u c ib le  h ig h  le v e l  re c o m b in a n t p r o te in  e x p e s s io n  i n  E . c o l i . T h is  
s e c t io n  d e s c r ib e s  th e r e fo r e  th e  e f f e c t  o f  s p e c i f i c  g ro w th  r a te  on 
h ig h  le v e l  e x p re s s io n  o f  th e  re c o m b in a n t CAT p r o t e in  fro m  th e  d u a l 
o r i g i n  p la s m id  pMG169 when tra n s fo rm e d  in t o  E . c o l i  1B373. 
C h lo ra m p h e n ic o l a c e ty l t r a n s fe r a s e  (C A T), an E . c o l i  hom ologous 
p r o t e in ,  was e xp re sse d  fro m  th e  t r p  p ro m o te r (W r ig h t  e t  a l . .  1 9 8 6 ). 
The CAT p r o t e in  was chosen as a m odel system  because i t  accum u la te d  
to  a h ig h  le v e l  i n  a s o lu b le  fo rm  in  E . c o l i  and c o u ld  be c o n v e n ie n t ly  
and r e l i a b l y  assayed d i r e c t l y  by  enzym ic a c t i v i t y .
I n  b a tc h  c u l t u r e ,  s p e c i f i c  g ro w th  r a te  v a r ia t io n s  w ere  a c h ie v e d  by 
a l t e r a t io n s  i n  th e  in c u b a t io n  te m p e ra tu re  p r i o r  to  copy number 
a m p l i f i c a t io n .  T em pera tu res  o f  25 , 30 and 35°C w ere  chosen. A
w id e r  range  o f  g ro w th  r a te s  was f u r t h e r  s tu d ie d  b y  com paring  th e  
e f f e c t  o f  g lu c o s e  as a ca rb o n  s u b s t r a te  com pared w i t h  t h a t  o f  
g ly c e r o l .
I n  o rd e r  to  s ta n d a rd is e  c o n d it io n s  a f t e r  th e  te m p e ra tu re  s h i f t ,  a 
common in d u c t io n  m ethod was used f o r  each g ro w th  r a t e .  T h is  method 
had p r e v io u s ly  been fo u n d  to  m ax im ise  e x p re s s io n  and a c c u m u la tio n  o f  
re c o m b in a n t p ro d u c ts  (W r ig h t  e t  a l . . 1986; L a rs e n  e t  a l . .  1 9 8 4 ).
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3.3.2 Methods
3.3.2.1 General
E . c o l i  1B373 pMG169 was grow n and p re p a re d  f o r  a fe rm e n te r  in o cu lu m  
as b e fo re  ( 3 . 1 . 2 . 8 ) .  C u ltu re  b iom ass was e s t im a te d  b y  o p t i c a l  
d e n s ity  m easurem ents ( 3 . 1 . 2 . 1 )  and n u t r ie n t  le v e ls  b y  enzyme assay 
k i t s  ( 3 . 1 . 2 . 2 ) .  The p r o p o r t io n  o f  th e  p o p u la t io n  b e a r in g  th e  p la s m id  
was e s ta b lis h e d  b y  com paring  g ro w th  on s e le c t iv e  and n o n - s e le c t iv e  
n u t r i e n t  medium. ( 3 . 1 . 2 . 5 . )  The p la s m id  DNA c o n te n t  was a ls o
e s t im a te d  as b e fo re  ( 3 . 1 . 2 , 6 ) .
3 .3 .2 .2  B a tc h  C u ltu re  F e rm e n ta tio n
The fe rm e n te rs  w ere p re p a re d  and o p e ra te d  as p r e v io u s ly  d e s c r ib e d
( 3 . 1 . 2 . 9 ) .  When SM6 medium c o n ta in in g  20 g /1  g lu c o s e  was
r e q u ir e d ,  th e  g lu c o s e  was s t e r i l i s e d  s e p a r a te ly  as a c o n c e n tra te  (500 
g /1 )  and added to  th e  fe rm e n te r  j u s t  p r i o r  to  in o c u la t io n .
A f t e r  in o c u la t io n  th e  fe rm e n te r  te m p e ra tu re  was c o n t r o l le d  as 
s p e c i f ie d  (± 0 .1 °C ) to  c re a te  d i f f e r e n t  s p e c i f i c  c e l l  g ro w th  
r a te s .  P e r io d ic a l l y ,  sam ples w ere  w ith d ra w n  u s in g  a P i r b r ig h t  
sa m p lin g  hood to  m o n ito r  c e l l  g ro w th  and f o r  f u r t h e r  a n a ly s is .  A t 
an o p t i c a l  c e l l  d e n s ity  o f  a p p ro x im a te ly  5 .0 ,  a s ta n d a rd  in d u c t io n  
p ro c e d u re  was used w hereby th e  fe rm e n te r  te m p e ra tu re  was in c re a s e d  to  
42°C , h e ld  f o r  10 m in u te s  and th e n  reduced  to  37°C f o r  th e
re m a in d e r o f  th e  e x p e r im e n t.
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3.3.2.3 Relationship between Optical Density and Dry Cell Weight
The r e la t io n s h ip  be tw een o p t ic a l  d e n s ity  u n i t s  and d r y  c e l l  w e ig h t 
was d e te rm in e d  th ro u g h o u t a fe rm e n ta t io n  o f  in c re a s in g  c e l l  d e n s ity  
b o th  b e fo re  and a f t e r  in d u c t io n  o f  CAT e x p re s s io n . D ry  w e ig h ts  were 
p e rfo rm e d  as d e s c r ib e d  p r e v io u s ly  ( 3 . 1 . 2 . 1 ) .  R e s u lts  showed th a t  
th e re  e x is te d  a c o n s ta n t r e la t io n s h ip ,  d e s p ite  p ro d u c t  e x p re s s io n , a t  
a v a lu e  o f  0 .3 7 6  + 0 .0 1 4  g d ry  w e ig h t / l i t r e /a b s o r b a n c e  u n i t  a t  600 
nm. C e l l  s p e c i f i c  g ro w th  r a te s  and s p e c i f i c  CAT p r o d u c t io n  ra te s  
c o u ld  th e r e fo r e  he c a lc u la te d  w i t h  c o n fid e n c e  fro m  OD m easurem ents.
3 .3 . 2 .4  C h lo ra m p h e n ic o l A c e tv l t r a n s fe ra s e  (CAT') Assay
I n  o rd e r  to  q u a n t i f y  p ro d u c t e x p re s s io n  more r e l i a b l y ,  a d i r e c t  assay 
f o r  enzym ic a c t i v i t y  was u se d . The CAT assay was a m o d i f ic a t io n  o f  
t h a t  used b y  Shaw (1 9 7 5 ) .
The e q u iv a le n t  o f  1 m l o f  an 0D20 c u l t u r e  was c e n t r i fu g e d  a t  13 ,000  g 
f o r  3 m in u te s , th e  s u p e rn a ta n t d is c a rd e d  and th e  p e l l e t  s to re d  a t  
-2 0 °C  p r i o r  to  a n a ly s is .  Ro e v id e n ce  o f  a c t i v i t y  lo s s  was fo u n d  
upon f r e e z in g  o r  p ro lo n g e d  s to ra g e .
The c e l l s  w ere i n i t i a l l y  d is r u p te d  to  re le a s e  th e  i n t r a c e l l u l a r  CAT 
a c t i v i t y  h y  re s u s p e n d in g  th e  p e l l e t  in  1 .5  m l o f  0.01M  T r is  HC1 
b u f f e r ,  pH 7 .8 ,  c o n ta in in g  0 .1  mM D i t h i o t h r e i t o l  (D T T ). A s m a ll 
q u a n t i t y  o f  g la s s  c e l l  d is r u p t io n  beads (0 .1 7  -  0 .1 8  -pm s iz e )  were 
added to g e th e r  w i t h  th e  p ro te a s e  i n h i b i t o r  P h e n y lm e th y ls u lfo n y l 
F lu o r id e  (PMSF) to  a f i n a l  c o n c e n tr a t io n  o f  0 .5  m g /m l. The sam ple 
was th e n  a g i ta te d  v ig o r o u s ly  on a v ib r a t in g  a g i t a t o r  f o r  a t  le a s t  4
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m in u te s  w h i l s t  m a in ta in in g  th e  sam ple te m p e ra tu re  a t ,  o r  as c lo s e  as 
p o s s ib le ,  to  4 °C . A f t e r  f u r t h e r  c e n t r i f u g a t io n ,  th e  s u p e rn a ta n t 
was used f o r  b o th  CAT a c t i v i t y  and t o t a l  p r o t e in  d e te r m in a t io n s .
CAT a c t i v i t y  was assayed by  m ix in g  20 p l  o f  c e l l  e x t r a c t  w i t h  960 
p l  o f  a r e a c t io n  m ix tu re  c o n s is t in g  o f  100 mM T r is  HC1 b u f f e r ,  pH 
7 .8 ,  4 0 p g /m l D i t h io - b is  2 - n i t r o b e n z o ic  a c id  (DTNB) and 100 pM 
A c e ty l  CoA. The m ix tu re  was e q u i l ib r a te d  a t  37°C u n t i l  no change 
i n  o p t i c a l  d e n s ity  was o b se rve d  a t  412 nm. C h lo ra m p h e n ic o l s o lu t io n  
was th e n  added to  a f i n a l  c o n c e n tra t io n  o f  0 .1  mM to  s t a r t  th e  
r e a c t io n .  A l i n e a r  r a te  o f  change i n  o p t i c a l  d e n s i ty  (412 nm) was 
th e n  m easured o v e r a 3 m in u te  p e r io d .  The c o n c e n tr a t io n  o f  CAT in  
th e  o r i g in a l  sam ple was c a lc u la te d  u s in g  th e  fo l lo w in g  fo rm u la :
A0D (412 nm) u n i ts /m in /2 0  p l  x  0 .01885 x  D i lu t i o n  = CAT a c t i v i t y  
(m g /m l) .
T o ta l  p r o te in  d e te rm in a t io n s  i n  th e  sam ple w ere p e rfo rm e d  u s in g  a 
B io -R a d  p r o t e in  assay k i t  u s in g  th e  dye b in d in g  p r in c ip le  ( 2 . 4 ) .  
CAT a c t i v i t y  was e xp re sse d  as a p e rc e n ta g e  o f  th e  t o t a l  e x t r a c te d  
p r o t e in  r e s u l t s  to  p ro v id e  a m easure o f  th e  o v e r a l l  le v e l  o f  
e x p re s s io n .  These r e s u l t s  w ere i n  good agreem ent w i t h  v a lu e s  
a c h ie v e d  by  d e n s ity  s c a n n in g  SDS p o ly a c ry la m id e  g e ls  o f  t o t a l  E . c o l i  
p r o t e in  e x t r a c ts  ( 3 . 1 . 2 . 7 ) .
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3.3.3 Results
3 .3 .3 .1  The e f f e c t  o f  g ro w th  te m p e ra tu re  and c a rb o n  s u b s t ra te  on 
s p e c i f i c  g ro w th  r a t e .  p la s m id  copy num ber and CAT 
a c c u m u la tio n  p r i o r  to  th e rm a l in d u c t io n
E . c o l i  1B373 was grow n i n  SM6 d e f in e d  medium a t  v a r io u s  in c u b a t io n  
te m p e ra tu re s  w i th  e i t h e r  g ly c e r o l  o r  g lu c o s e  as ca rb o n  s u b s t r a te .  
The subsequ en t maximum re c o rd e d  s p e c i f i c  g ro w th  r a te s  a re  shown in  
T a b le  3 .3 .  As e x p e c te d , th e  h ig h e r  th e  in c u b a t io n  te m p e ra tu re  u s in g  
g ly c e r o l  th e  g r e a te r  th e  maximum g ro w th  r a te  o b s e rv e d . The c h o ic e  
o f  g lu c o s e  as s u b s t ra te  f u r t h e r  enhanced g ro w th  r a te  a t  30°C 
a lth o u g h  a s ig n i f i c a n t  d ro p  was ob se rve d  how ever a t  35°C even when 
compared w i th  t h a t  s u p p o rte d  b y  g ly c e r o l .
The mean accu m u la te d  CAT v a lu e s  a t  th e  d i f f e r e n t  te m p e ra tu re s  on 
g ly c e r o l  s u b s t r a te  w ere fo u n d  to  in c re a s e  i n  l i n e  w i t h  g ro w th  r a t e .  
The f a s t e r  g ro w th  r a te  on g lu c o s e  a t  30°C l ik e w is e  enhanced 
e x p re s s io n  le v e l  when compared to  g ly c e r o l  a t  30°C a lth o u g h  was 
s i g n i f i c a n t l y  le s s  how ever th a n  th a t  obse rve d  a t  35°C on g ly c e r o l  
d e s p ite  an a p p a re n t ly  h ig h e r  g ro w th  r a t e ( 0 . 4 3 4 / h r ) . The g r e a te s t  
le v e l  o f  CAT e x p re s s io n  (7 .7% ) was fo u n d  i n  c e l l s  grow n a t  35°C on 
g lu c o s e  a lth o u g h , i n  t h i s  ca se , o n ly  a r e l a t i v e l y  lo w  maximum 
s p e c i f i c  g ro w th  r a te  was re c o rd e d .
P la s m id  DNA c o n te n t d e te rm in a t io n s  w ere p e rfo rm e d  on sam ples o f  c e l ls  
grow n on g ly c e r o l  a t  th e  d i f f e r e n t  te m p e ra tu re s . The r e s u l t s  w h ic h  
w ere d i r e c t l y  com parab le  s in c e  th e y  w ere a l l  o b ta in e d  fro m  a s in g le  
a s s a y , showed th a t  th e  p la s m id  DNA c o n te n t a t  25°C and 30°C on
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Table 3.3 The effect of growth temperature and carbon substrate on
specific growth rate, plasmid DNA content and GAT
accumulation
G row th
Temp.
(°G )
C arbon
S u b s tra te
G row th
R ate
( / h r )
CAT
A c c u m u la tio n  
(% P r o te in )
P la s m id  DNA 
C o n te n t 
( c o u n ts /m in /p l  
lo a d e d )
25 G ly c e ro l 0 .175 0 .125 1 .2 3  ±  0 .1 7
30 G ly c e ro l 0 .2 9 6 0 .297 6 .4 0  ±  4 .4 0
35 G ly c e ro l 0 .3 7 0 1 .810 9 9 .1 0  + 37 .9
30 G lucose 0 .4 3 4 0 .3 6 0 -
35 G lucose 0 .3 4 0 7 .7 0 0 -
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3 .3 .3 .2  The e f f e c t  o f  i n i t i a l  g ro w th  r a te  on p la s m id  DHA c o n te n t and 
CAT a c c u m u la tio n  a f t e r  th e rm a l in d u c t io n
C u ltu re s  grow n a t  th e  v a r io u s  g ro w th  ra te s  w ere a l l  th e r m a lly  in d u ce d  
h y  th e  m ethod p r e v io u s ly  d e s c r ib e d  ( 3 .3 .1  ; 3 . 3 . 2 . 2 ) .
The e f f e c t  o f  t h i s  th e rm a l in d u c t io n  on p la s m id  DNA le v e ls  and CAT 
a c c u m u la tio n  was s tu d ie d .  No n u t r ie n t  l i m i t a t i o n  was obse rved  
th ro u g h o u t any o f  th e  fe rm e n ta t io n s  and no p la s m id - f r e e  c e l l s  w ere 
d e te c te d ,  d e s p ite  th e  r e d u c t io n  in  th e  c e l l  v i a b i l i t y  a f t e r  
in d u c t io n .  I n  d e te rm in in g  s p e c i f i c  CAT p ro d u c t io n  r a te s ,  th e  t o t a l  
p r o t e in  c o m p o s it io n  o f  E . c o l i  c e l l s  was assumed to  be c o n s ta n t a t  50% 
o f  d r y  w e ig h t .
The k in e t i c s  o f  b o th  p la s m id  DNA a m p l i f i c a t io n  and CAT a c c u m u la tio n  
a f t e r  d i f f e r i n g  i n i t i a l  in c u b a t io n  te m p e ra tu re s  (and  consequent 
g ro w th  r a te s )  can be seen i n  F ig u re s  3 .1 2  and 3 .1 3 .  The g r e a te r  th e  
i n i t i a l  g ro w th  r a t e ,  th e  s w i f t e r  th e  o n s e t o f  b o th  DNA and CAT 
a m p l i f i c a t io n ,  A f t e r  a g ro w th  r a te  o f  0 .3 7 0 /h r ,  a m p l i f i c a t io n  
o ccu re d  a lm o s t im m e d ia te ly ,  w h i l s t  a f t e r  g ro w th  ra te s  o f  0 .2 9 6 /h r  and 
0 .1 7 5 /h r  a m p l i f i c a t io n  was d e la y e d  f o r  a p p ro x im a te ly  1 and 2 h o u rs  
r e s p e c t iv e ly .  V e ry  s im i la r  CAT a c c u m u la tio n  le v e ls  w ere  fo u n d  h y  4 -6  
h o u rs  i n  a l l  cases (15 -  17% o f  e x tr a c te d  c e l l u l a r  p r o t e in ) .  F in a l  
DNA le v e ls  e x h ib i te d  some v a r ia t i o n  a lth o u g h  n o t  p ronounced  g iv e n  th e  
assay m ethod. A m p l i f ic a t io n  fa c to r s  o f  20 f o ld  w ere le s s  th a n  th e  32
glycerol was very low - almost at the limits of detection in the
assay. The plasmid content at 35°C was, however, significantly
higher.
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f o ld  p r e v io u s ly  seen ( 3 . 1 . 3 . 2 )  a lth o u g h  re c o m b in a n t p r o te in  
a c c u m u la tio n  le v e ls  w ere  g r e a te r .
A s im i la r  t re n d  was e s ta b lis h e d  when s p e c i f i c  g ro w th  r a te  was v a r ie d  
b y  ch a n g in g  th e  ca rb o n  s u b s t ra te  to  g lu c o s e  ( a t  3 0 ° C )(F ig u re  
3 .1 4 ) .  A more r a p id  a c c u m u la tio n  o f  CAT was a c h ie v e d  fro m  th e  
h ig h e r  i n i t i a l  g ro w th  r a te  a lth o u g h  once a g a in  th e  f i n a l  le v e ls  were 
v e ry  s im i la r .
The s p e c i f i c  CAT p ro d u c t io n  r a te  was fo u n d  to  r i s e  a f t e r  in d u c t io n ,  
peak and th e n  f a l l  to w a rd s  z e ro  as g ro w th  s low ed  (F ig u re s  3 .1 5 ) .  A t 
lo w e r i n i t i a l  g ro w th  r a te s ,  as obse rved  b e fo r e ,  th e re  e x is te d  a 
p r o g r e s s iv e ly  g r e a te r  d e la y  b e fo re  a m p l i f i c a t io n  o c c u r re d . Peak 
p ro d u c t io n  r a te s  w ere  a l l  s im i la r  -  i n  th e  range  40 -  60 mg CAT/g d ry  
c e l l  w e ig h t /h r .  C e l ls  grow n a t  th e  f a s t e s t  i n i t i a l  g ro w th  r a te  
(0 .4 3 4  / h r )  d id  n o t  how ever in c re a s e  t h e i r  CAT p r o d u c t io n  r a te  more 
q u ic k ly  th a n  th o s e  grow n a t  0 .3 7 0 /h r ,  a lth o u g h  a h ig h e r  peak and 
e a r l i e r  c o l la p s e  was o b s e rv e d .
-113-
Pl
as
m
id
 
D
N
A
(C
ou
n
ti
/m
!n
/p
l 
lo
a
d
«d
)
Figure 3.12 The effect of initial growth rate (by temperature) on
plasmid DNA content after thermal induction in batch
culture.
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Fl&ure 3.13 The effect of initial growth rate (by temperature) on CAT
accumulation after thermal induction in batch culture.
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Figure 3.14 The effect of Initial growth rate (by substrate type) on
CAT accumulation after thermal Induction In batch culture.
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Figure 3.15 The effect of initial growth rate (by temperature and
substrate type) on specific CAT synthesis rate (mg/g/hr)
after thermal induction in batch culture.
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Figure 3.16 The effect of initial growth rate on specific growth rate
(bv temperature and substrate type) after thermal
induction in batch culture.
Time After Induction (hrs)
0.175/hr(Gly. 25t) -— ■ 0.296/hr(Gly. 3(TC)
0.370/hr(Gly. 35'C) — - 0.«A/hr(Glu. JtTC)
-118-
The s p e c i f i c  g ro w th  r a te  was c a lc u la te d  fro m  o p t ic a l  d e n s ity  
m easurem ents i n  each e x p e r im e n t, h a v in g  f i r s t  d e te rm in e d  th a t  th e  
O D jd ry  c e l l  w e ig h t r a t i o  rem a ined  c o n s ta n t ( 3 . 3 . 2 . 3 ) .  I r r e s p e c t iv e  
o f  th e  i n i t i a l  g ro w th  r a t e ,  th e  g ro w th  r a te  ro s e  to  a p p ro x im a te ly  
0 . 5 / h r  (F ig u re  3 .1 6  ) .  These in c re a s e s  w ere  n o t  accom panied by  any 
s ig n  o f  la g .  From i n i t i a l  g ro w th  ra te s  o f  0 .1 7 5 /h r  and 0 .2 9 6 /h r ,  
s p e c i f i c  g ro w th  r a te s  be tw een 0 .3 0 /h r  and 0 .4 5 /h r  w ere  m a in ta in e d  f o r  
2 -3  h o u rs  b e fo re  f a l l i n g  to  z e ro .  I n  c o n t r a s t ,  th e  g ro w th  ra te s  
fro m  30°C g lu c o s e  and 35°C g ly c e r o l  c u l tu r e s ,  a f t e r  a more m odest 
in c re a s e ,  f e l l  a lm o s t im m e d ia te ly .
T a b le  3 .4  d e p ic ts  b o th  th e  f i n a l  o p t i c a l  d e n s i t ie s  a c h ie v e d  from  
th e s e  fe rm e n ta t io n s  and th e  OD a t  th e  p o in t  o f  in d u c t io n .  A c le a r  
in v e rs e  r e la t io n s h ip  was d e te rm in e d  betw een i n i t i a l  g ro w th  r a te  and 
th e  f o ld  in c re a s e  i n  b iom ass (F ig u re  3 .1 7 ) .
3.3.3.3 The effect of initial growth condition on growth rate and
final biomass achieved after thermal induction
Table 3.4 The effect of initial growth rate on the fold increase In
biomass after thermal induction in batch culture.
G row th
Temp.
(°c)
Carbon
S u b s tra te
Sp. g ro w th
r a te
( / h r )
0D a t  
In d u c t io n  
(600 nm)
Max 0D 
(600  nm)
F o ld
in c re a s e  in  
0D 600nm
25 G ly c e ro l 0 .1 7 5 4 .4 6 1 7 .8 3 .99
30 G ly c e ro l 0 .2 9 6 4 .6 5 1 6 .4 3 .5 3
35 G ly c e ro l 0 .3 7 0 4 .5 6 9 .7 2 .1 3
30 G lucose 0 .4 3 4 4 .4 1 8 .6 1 .95
35 G lucose 0 .3 4 0 4 .6 1 9 .4 2 .0 3
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Figure 3.17 The effect of initial growth rate on the fold increase in
biomass after thermal induction in hatch culture.
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3 .3 .4  Discussion
I n  o rd e r  to  u n d e rs ta n d  w h e th e r p h y s io lo g ic a l  p a ra m e te rs  can a f f e c t  
h ig h  le v e ls  o f  in d u c ib le  re c o m b in a n t p r o t e in  e x p re s s io n ,  b a tc h  
c u l t u r e  fe rm e n ta t io n s  w ere p e rfo rm e d  to  in v e s t ig a te  th e  in f lu e n c e  o f  
i n i t i a l  s p e c i f i c  g ro w th  r a te  on p la s m id  DNA and CAT le v e ls  b o th  
b e fo re  and a f t e r  th e rm a l in d u c t io n .  I n i t i a l  in c u b a t io n  te m p e ra tu re  
and s u b s t ra te  ty p e s  w ere v a r ie d  to  a f f e c t  s p e c i f i c  g ro w th  r a t e .
P re  T herm a l In d u c t io n .
P r io r  to  in d u c t io n ,  d e te c ta b le  le v e ls  o f  CAT c o u ld  be fo u n d  i n  a l l  
c u l tu r e s  -  p ro b a b ly  a r e s u l t  o f  d e - re p re s s io n  o f  th e  t r p  p ro m o te r by 
g ro w th  i n  t ry p to p h a n  f r e e  m in im a l m ed ia . As c e l l  g ro w th  ra te s  
in c re a s e d  how ever betw een 25°C and 30°C , p r o g r e s s iv e ly  g r e a te r  
le v e ls  o f  CAT and p la s m id  DNA w ere a c h ie v e d  (T a b le  3 .3  ) .  CAT 
a c c u m u la tio n  appeared  to  in c re a s e  w i th  th e  p la s m id  DNA c o n te n t 
a lth o u g h  v a r ia t i o n  i n  th e  d a ta  makes a p re c is e  c o n c lu s io n  u n w is e . A t 
35°C h o w e ve r, e x p re s s io n  appea rs  to  be s t im u la te d  i n  a d d i t io n  to  a 
s im p le  e f f e c t  due to  s p e c i f i c  g ro w th  r a t e .  E x p re s s io n  was g r e a te s t  
a t  35°C (o n  g ly c e r o l  and g lu c o s e )  d e s p ite  sub m axim a l g ro w th  r a te s  .
C o n c e iv a b ly , a t  le a s t  th re e  in d e p e n d e n t v a r ia b le s  ( te m p e ra tu re , 
g ro w th  r a te  and s u b s t r a te  ) may in f lu e n c e  e i t h e r  p la s m id  copy num ber, 
CAT e x p re s s io n  o r  b o th  in  th e s e  e x p e r im e n ts .
What p r e - e x is t in g  l i t e r a t u r e  t h a t  th e re  i s  s u g g e s ts  th a t  a l l  th re e  
have been shown to  cause such  e f f e c t s ,  a lth o u g h  no common r u le s  have 
em erged. F o r exam ple te m p e ra tu re  has been shown to  in c re a s e  th e
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Many w o rk e rs  have fo u n d  s t ro n g  c o r r e la t io n s  be tw een s p e c i f i c  g ro w th  
r a te  and e i t h e r  p ro d u c t e x p re s s io n  o r  p la s m id  copy num ber. The 
response  how ever appea rs  to  d i f f e r  betw een v e c to r  ty p e s .  I n  h a tc h  
c u l t u r e ,  th e  p la s m id  R l was fo u n d  to  in c re a s e  B -la c ta m a s e  s y n th e s is  
w i t h  in c re a s in g  g ro w th  r a te  d e s p ite  a reduced  copy number (E ngberg  & 
N o rd s tro m , 1 9 7 5 ). I n  c o n t r a s t  b o th  copy number and B -la c ta m a s e  
e x p re s s io n ,  fro m  th e  p la s m id  pDM246, f e l l  u n d e r s im i la r  c o n d it io n s  
(Seo & B a i le y ,  1 9 8 5 ). P la sm id s  ca p a b le  o f  h ig h  le v e ls  o f  
re c o m b in a n t p r o t e in  e x p re s s io n  have a ls o  been shown to  v a ry  w i t h  
s p e c i f i c  g ro w th  r a t e .  P la s m id  copy number o f  p P L c 2 3 -trp A L  f o r  
exam ple f e l l  w i t h  in c re a s in g  d i l u t i o n  r a te  i n  c o n tin u o u s  c u l tu r e  
( S ie g e l & Ryu, 1 9 8 5 ).
The ty p e  o f  s u b s t ra te  used has a ls o  been shown to  in f lu e n c e  p ro d u c t 
fo rm a t io n  a t  a c o n s ta n t g ro w th  r a te  and te m p e ra tu re  i n  chem osta t 
c u l t u r e  (B row n e t  a l . r 1 9 8 5 ). I t  may th e r e fo r e  be p o s s ib le  t h a t  th e  
enhancem ent o f  CAT e x p re s s io n  i n  c e r t a in  cases may have been as a 
d i r e c t  r e s u l t  o f  u s in g  g lu c o s e  as a s u b s t r a te .
I t  seems th a t  th e  r e s u l t s  fro m  b a tc h  c u l t u r e  re p o r te d  h e re  o f f e r  a 
u n iq u e  c o m b in a tio n  w here g ro w th  r a te  a n d /o r  s u b s t r a te  in c re a s e  b o th  
p la s m id  copy number and p ro d u c t e x p re s s io n . I t  i s  n o t  c le a r  w h e th e r 
t h i s  i s  a fa c e t  o f  th e  d u a l o r ig in  v e c to r  o r  a more w id e s p re a d , y e t  
h i t h e r t o  u n re p o r te d ,  e f f e c t .  I t  i s  a ls o  u n c le a r  to  w h ic h  p a ra m e te r 
( te m p e ra tu re ,  s u b s t r a te ,  g ro w th  r a te )  th e s e  r e s u l t s  can be a t t r ib u t e d .  
These r e s u l t s  a ls o  c o n t r a s t  w i t h  th o s e  ob se rve d  w i t h  B -la c ta m a se  
e x p re s s io n  i n  ca rb o n  l im i t e d  c o n tin u o u s  c u l t u r e  ( 3 . 2 . 3 . 1 )  w here no
specific activity of the trp promoter and hence the level of cloned
protein (Auger & Bennett, 1987) in the absence of plasmid copy number
alterations (Wong et__al, 1982).
in c re a s e  was seen a t  35°G compared w i t h  30°C . One e x p la n a t io n  
may be th a t  th e  B -la c ta m a s e  a n a ly s is  was n o t  s u f f i c i e n t l y  s e n s i t iv e  
to  d e te c t  th e  d i f fe r e n c e s  i n  copy number now e s ta b lis h e d .  
R e g u la t io n  o f  g ro w th  r a te  a t  0 .1 5 6 /h r  i n  c o n tin u o u s  c u l t u r e  may a ls o  
have in f lu e n c e d  th e  r e s u l t s  a c h ie v e d . I t  seems p o s s ib le  th e r e fo r e  
t h a t  b o th  te m p e ra tu re  and u n r e s t r ic t e d  g ro w th  r a te  m ig h t com bine in  
b a tc h  c u l t u r e  to  enhance copy number a lth o u g h  th e  e x a c t mechanism is  
n o t  c le a r .  S p e c i f ic  g ro w th  r a te  m ig h t,  f o r  exam p le , in f lu e n c e
r e p l i c a t io n  fro m  th e  lo w  copy num ber, pS C lO l o r i g i n .  A te m p e ra tu re  
o f  35°C m ig h t p e rm it  te m p o ra ry  o r  p a r t i a l  d e - re p re s s io n  o f  th e  X 
P p ro m o te r th u s  a l lo w in g  s u f f i c i e n t  r e p l i c a t io n  fro m  th e  h ig h e r
Iv
copy num ber, pAT153, o r i g i n  to  e le v a te  th e  p la s m id  DNA c o n te n t
s l i g h t l y .
A lth o u g h  an o v e r a l l  p ic t u r e  o f  th e  in f lu e n c e  o f  c u l t i v a t i o n
c o n d it io n s  on re c o m b in a n t p r o t e in  e x p re s s io n  can be g a in e d  by 
a d o p tin g  b a tc h  c u l t u r e  te c h n iq u e s ,  to o  many p a ra m e te rs  need to  be 
a l t e r e d  (n a m e ly  te m p e ra tu re , s u b s t r a te )  to  be a b le  to  a f f e c t  one 
v a r ia b le .  O b v io u s ly  t h i s  l i m i t s  th e  in t e r p r e t a t i o n  o f  such
e x p e r im e n ts . T r a d i t i o n a l l y ,  c o n tin u o u s  c u l t u r e  te c h n iq u e s  a re  used 
to  d issect such  s i t u a t io n s  and d e f in e  such  p re c is e  e f f e c t s .
P o s t Therm al In d u c t io n .
A f t e r  th e  th e rm a l in d u c t io n ,  i t  was o b se rved  th a t  la r g e r  g ro w th  r a te  
o r  te m p e ra tu re  d i f f e r e n t i a l  caused g r e a te r  d e la y  i n  DNA and CAT 
s y n th e s is .  From h ig h  i n i t i a l  g ro w th  r a te s ,  b o th  CAT e x p re s s io n  and 
p la s m id  DNA le v e ls  ro s e  a lm o s t s im u lta n e o u s ly  im m e d ia te ly  a f t e r  
in d u c t io n .  From lo w e r g ro w th  r a te s  how ever, CAT e x p re s s io n  was
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d e la y e d  b y  up to  1 h o u r and was a m p l i f ie d  b e fo re  a p p re c ia b le  le v e ls  
o f  p la s m id  DNA had been re a c h e d . When s u b s t ra te  ty p e  ( a t  30°C ) was 
used to  in c re a s e  th e  g ro w th  r a te  p r i o r  to  in d u c t io n ,  a s w i f t e r  
re sponse  to  th e rm a l in d u c t io n  was a g a in  o b se rve d  a f t e r  th e  h ig h e r  
i n i t i a l  g ro w th  r a te s ,  t h i s  t im e  a t  le a s t  e q u a l to  t h a t  o b se rved  from  
35°C on g ly c e r o l .  Thus a f t e r  in d u c t io n ,  i t  app e a rs  t h a t  i n i t i a l  
g ro w th  r a te  r a th e r  th a n  s im p ly  i n i t i a l  te m p e ra tu re , has th e  m ost 
in f lu e n c e  on speed o f  in d u c t io n  a lth o u g h , o b v io u s ly  th e  e f f e c t  o f  
te m p e ra tu re  o r  s u b s t r a te  ty p e  ca n n o t be a d e q u a te ly  e l im in a te d  in  
b a tc h  c u l t u r e  e x p e r im e n ts . I t  i s  a ls o  c le a r  t h a t  DNA a m p l i f i c a t io n  
resp o n d s  more s lo w ly  th a n  p r o t e in  s y n th e s is  upon in d u c t io n .
S im i la r  la g s  have been re p o r te d  f o r  n u t r i t i o n a l  s h i f t - u p s  o f  E . c o l i  
c u l tu r e s  ( P r i t c h a r d  & Tem pest, 1 9 8 2 ). P r o te in  s y n th e s is  has a ls o  
been shown to  in c re a s e  more q u ic k ly  th a n  DNA s y n th e s is  u n d e r s im i la r  
c o n d it io n s ,  in d ic a t in g  t h a t  th e  d e la y  i s  n o t  n e c e s s a r i ly  an e f f e c t  o f  
th e  P^ p ro m o te r . I n  a d d i t io n ,  CAT a ls o  m ig h t be s p e c i f i c a l l y  
s y n th e s is e d  more e f f i c i e n t l y  a t  th e  h ig h e r  te m p e ra tu re s  p r i o r  to  copy 
num ber a m p l i f i c a t io n  due to  th e  in c re a s e d  a c t i v i t y  o f  th e  
t r p -p r o m o te r  (A u g e r & B e n n e tt ,  1987) and th e  h a l f  l i f e  o f  CAT mRNA 
m ig h t a ls o  be in c re a s e d  a t  th e  h ig h e r  s p e c i f i c  g ro w th  r a te s  (N ils s o n  
e t  a l . . 1984) th e re b y  enhan c ing  t r a n s la t io n  and a c c u m u la tio n  .
The f a c t  th a t  th e  o v e r a l l  f i n a l  e x p re s s io n  le v e l  and maximum s p e c i f i c  
CAT p ro d u c t io n  ra te s  a re  a l l  s im i la r  su g g e s ts  t h a t  th e re  may be 
a n o th e r  p a ra m e te r i n  common, such  as p ro m o te r s t r e n g th  o r  gene dose, 
t h a t  re g u la te s  e x p re s s io n . The g re a te r  CAT e x p re s s io n  obse rve d  fro m  
th e  p la s m id  pMG169 o v e r t h a t  w i t h  th e  CAT fu s io n  p r o te in s  ( 3 .1 .3 .1 )  
was p ro b a b ly  a r e s u l t  o f  e i t h e r  decreased  p r o t e in  tu rn o v e r  o r  th e  
im proved  in d u c t io n  p r o f i l e .
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D e s p ite  e v id e n c e  f o r  a d e la y  i n  CAT a m p l i f i c a t io n  fro m  th e  lo w e r 
i n i t i a l  g ro w th  r a te s ,  th e re  was no la g  in  b iom ass a c c u m u la t io n . The 
absence o f  la g  i n  th e r m a l ly  in d u ce d  n o n -re c o m b in a n t E . c o l i  i n  a 
s u b s t r a te  excess e n v iro n m e n t has been re p o r te d  p r e v io u s ly  how ever 
(C h o h ji  e t  a l . .  1 9 8 3 ). S p e c i f ic  g ro w th  r a te  in c re a s e d  to  
a p p ro x im a te ly  0 . 5 / h r  a lth o u g h  as soon as s ig n i f i c a n t  CAT e x p re s s io n  
o r  p la s m id  DNA s y n th e s is  commenced, th e  g ro w th  r a te  f e l l .  C u ltu re s  
i n  w h ic h  CAT and DNA a m p l i f i c a t io n  o c c u rre d  more s w i f t l y  a f t e r  
in d u c t io n ,  d id  n o t  m e a su ra b ly  in c re a s e  t h e i r  g ro w th  r a te  to  th e  same 
e x te n t .  From g ro w th  a t  30°C on g lu c o s e  a t  a r a te  o f  0 .4 3 4 /h r ,  
b a r e ly  any in c re a s e  was seen a f t e r  in d u c t io n  b e fo re  th e  g ro w th  r a te  
f e l l  to w a rd s  z e ro . C le a r ly  p ro d u c t e x p re s s io n  o r  DNA a m p l i f i c a t io n  
has a p ro fo u n d  a f f e c t  on g ro w th . As a consequence o f  th e  r e l a t i v e l y  
p o o r g ro w th  a f t e r  in d u c t io n  fro m  th e  fa s t e r  g ro w th  r a te s ,  th e  f i n a l  
l e v e l  o f  b iom ass a c h ie v e d  was s i g n i f i c a n t l y  le s s  th a n  fro m  s lo w e r 
g ro w in g  c u l t u r e s .  An in v e rs e  r e la t io n s h ip  was fo u n d  betw een maximum 
i n i t i a l  g ro w th  r a te  and f i n a l  le v e ls  o f  b iom ass a c h ie v a b le  (F ig u re
3 .1 7 ) .
C o n c lu s io n s .
B a tc h  c u l t u r e  r e s u l t s  such  as th e s e  can s i g n i f i c a n t l y  in f lu e n c e  th e  
d e s ig n  o f  la r g e  s c a le  p ro d u c t io n  p ro c e s se s  f o r  re c o m b in a n t 
p r o te in s .  F o r exam ple , f o r  e f f e c t in g  p o s s ib le  p ro c e s s  im provem ents 
such  as th e  m in im is a t io n  o f  te m p e ra tu re  s h i f t s ,  e x p e rim e n ts  such  as 
th e s e  c le a r l y  d e m o n s tra te  no o v e r a l l  e f f e c t  on p ro d u c t  y i e ld .  
S p e c i f ic  g ro w th  r a te  appea rs  o n ly  to  in f lu e n c e  th e  speed a t  w h ic h  
peak e x p re s s io n  i s  re a c h e d . A fe rm e n ta t io n  s t r a te g y  c o u ld  th e r e fo r e  
be d e s ig n e d  w i t h  a m in im a l s h i f t  i n  te m p e ra tu re  and u s in g  a reg im e
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o f  r e s t r i c t e d  g ro w th  r a te s  i n  fe d  b a tc h  c u l t u r e  ( Z a b r is k ie  & A r c u r i ,  
1986) to  a c h ie v e  m axim al b iom ass le v e ls .  A s lo w e r  in d u c t io n  p r o f i l e  
m ig h t be p r e d ic te d  y e t  th e  f i n a l  e x p re s s io n  le v e l  s h o u ld  n o t  be 
s e r io u s ly  e f fe c te d .
When a t te m p t in g  to  u n d e rs ta n d  how eve r, th e  p r e c is e  in f lu e n c e  o f  
in d iv id u a l  p h y s io lo g ic a l  p a ra m e te rs  on p la s m id  copy number and 
p r o t e in  e x p re s s io n  b o th  b e fo re  and a f t e r  th e rm a l in d u c t io n ,  b a tc h  
c u l t u r e  e x p e rim e n ts  in t ro d u c e  to o  many c o m p lic a t in g  v a r ia b le s ,  w i th  
u n q u a n t i f  ia b le  e f f e c t s ,  to  be a b le  to  draw  d e f i n i t e  c o n c lu s io n s .  
C o n tin u o u s  c u l t u r e ,  where one p h y s io lo g ic a l  p a ra m e te r can be 
in d e p e n d e n tly  v a r ie d  u n d e r s te a d y  s ta te  c o n d i t io n s ,  i s  r e q u ire d  to  
u n d e rta k e  such  a more fu n d a m e n ta l s tu d y .
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3 .4  An in v e s t ig a t io n  in t o  th e  e f f e c t  o f  c e l l  g ro w th  r a te  on in d u c t io n  and 
e x p re s s io n  o f  re c o m b in a n t p r o te in  fro m  th e  d u a l o r i g i n  v e c to r  in  
c o n tin u o u s  c u l tu r e
Summary
P re v io u s  e x p e rim e n ts  ( s e c t io n  3 .3 )  have d e te rm in e d  th e  e f f e c t  o f  
g ro w th  r a te  on re c o m b in a n t p r o te in  e x p re s s io n  and p la s m id  DNA c o n te n t 
u s in g  th e  d u a l o r i g i n  v e c to r  i n  b a tc h  c u l t u r e .  P re c is e  in te r a c t io n s  
w ere  d i f f i c u l t  to  i n t e r p r e t  how eve r, due to  th e  numerous 
p h y s io lo g ic a l  v a r ia b le s  in v o lv e d .  T h is  p ro b le m  was re s o lv e d  th ro u g h  
th e  use o f  c a rb o n  l im i t e d  c o n tin u o u s  c u l t u r e ,  f i r s t l y  to  v a ry  
fe rm e n te r  d i l u t i o n  r a te  ( c e l l  g ro w th  r a te )  and s e c o n d ly  in c u b a t io n
te m p e ra tu re . I n  each case th e  m a in  p a ra m e te r was a l te r e d
in d e p e n d e n tly  o f  a l l  o th e r  v a r ia b le s .  E . c o l i  IB373 pMG169 e x p re s s in g
th e  CAT p r o t e in  was a g a in  s tu d ie d .
In c re a s e s  in  d i l u t i o n  r a te  a t  35°C w ere fo u n d  to  in c re a s e  CAT 
s y n th e s is  i n  th e  absence o f  changes i n  th e  c e l l  p la s m id  DNA c o n te n t .  
By c o n t r a s t ,  te m p e ra tu re , a t  a c o n s ta n t d i l u t i o n  r a t e ,  o n ly  in c re a s e d  
p la s m id  DNA c o n te n t and CAT e x p re s s io n  when e le v a te d  to  35°C .
A t 38°C , copy number a m p l i f i c a t io n  r e s u lte d  i n  s u f f i c i e n t  in d u c t io n  
o f  CAT e x p re s s io n  t h a t  th e  s p e c i f i c  g ro w th  r a te  f e l l  be lo w  th a t  o f  
th e  d i l u t i o n  r a t e .  W ashout o f  p la s m id - c o n ta in in g  c e l l s ,  w i t h  th e  
subsequ en t o v e rg ro w th  by  p la s m id - f r e e  c e l l s ,  o c c u rre d  . The e f f e c t  
o f  d i l u t i o n  r a te  on re c o m b in a n t p r o te in  e x p re s s io n  was th u s
im p o s s ib le  to  d e te rm in e  due to  th e  t r a n s ie n t  n a tu re  o f  CAT e x p re s s io n  
u n d e r th e s e  c o n d i t io n s .
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3.4.1 Introduction
B a tc h  e x p e rim e n ts  d e s ig n e d  to  d e te rm in e  th e  e f f e c t  o f  s p e c i f i c  g ro w th  
r a te  on p ro d u c t e x p re s s io n  fro m  th e  d u a l o r i g i n  v e c to r  w ere d i f f i c u l t  
to  i n t e r p r e t .  A d d i t io n a l  p h y s io lo g ic a l  v a r ia b le s ,  nam e ly  te m p e ra tu re  
and s u b s t r a te  ty p e ,  w ere r e q u ire d  to  e f f e c t  changes to  th e  maximum 
s p e c i f i c  g ro w th  r a te  o f  th e  h o s t  o rg a n is m  ( 3 . 3 . 4 ) .
W ith  g ly c e r o l  as c a rb o n  s o u rc e  i n  b a tc h  c u l t u r e ,  in c re a s e s  in  
in c u b a t io n  te m p e ra tu re  caused in c re a s e d  g ro w th  r a t e ,  p la s m id  DNA 
c o n te n t and CAT e x p re s s io n .  An a l t e r n a t i v e  ca rb o n  s o u rc e , g lu c o s e , 
a t  lo w e r th a n  m axim a l in c u b a t io n  te m p e ra tu re s  r e s u l te d  i n  th e  f a s te s t  
g ro w th  r a t e ,  b u t  y e t  n o t  th e  h ig h e s t  le v e ls  o f  CAT e x p re s s io n . 
S p e c i f ic  g ro w th  r a te  c o u ld  n o t  be th e  s o le  o v e r id in g  f a c t o r  i n  th e s e  
e x p e r im e n ts  -  te m p e ra tu re  and s u b s t r a te  m ust have had some in f lu e n c e .
P rob lem s such  as th e s e  have  c la s s ic a l l y  been re s o lv e d  by  u s in g  
c o n tin u o u s  c u l t i v a t i o n  te c h n iq u e s  to  c o n t r o l  th e  s p e c i f i c  g ro w th  r a te  
o f  th e  c e l l  in d e p e n d e n tly  fro m  o th e r  p h y s io lo g ic a l  v a r ia b le s  by 
c o n t r o l l i n g  th e  fe rm e n te r  d i l u t i o n  r a te .  D e s p ite  w id e  a d o p tio n  o f  
t h i s  m ethod f o r  th e  s tu d y  o f  p la s m id  i n s t a b i l i t y  ( C a u lc o t t ,  e t  a l . .  
1985; P r im ro s e , e t  a l . .  1 9 8 4 ), i t  has been c o m p a ra t iv e ly  se ldom  used 
f o r  s tu d ie s  on re c o m b in a n t p r o t e in  e x p re s s io n .
The few  r e p o r ts  w h ic h  do e x is t  h o w e ve r, have m a in ly  d e a l t  w i t h  low  
le v e l  c o n s t i t u t i v e  e x p re s s io n  o f  p la s m id -b o rn e  hom ologous p r o te in s  
( M iz u ta n i ,  e t  a l . . 1985; Seo & B a i le y ,  1986) i n  com plex m edia w i t h  no 
s ta te d  p a r t i c u la r  n u t r i e n t  l i m i t a t i o n .  B row n, e t  a l . .  (1 9 8 5 ) , 
ob se rve d  th e  e f f e c t  o f  d i l u t i o n  r a te  on human a lp h a  2 le u c o c y te
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interferon although again no specific nutrient limitation was used.
S tu d ie s  on th e  e f f e c t  o f  d i l u t i o n  r a te  on p la s m id  DNA c o n te n t have 
been p e rfo rm e d  (Seo & B a i le y ,  1986; S ie g e l & R y u ,1985) a lth o u g h  th e  
p la s m id s  used w ere n o t  ca p a b le  o f  copy number a m p l i f i c a t io n .
T h is  s e c t io n  e x te n d s  th e  s tu d y  fro m  th e  p re v io u s  c h a p te r  by 
d e s c r ib in g  th e  use o f  c a rb o n  l im i t e d  c o n tin u o u s  c u l t u r e  to  d e te rm in e  
th e  e f f e c t  o f  d i l u t i o n  r a te  and fe rm e n te r  te m p e ra tu re  on th e  c o n t r o l  
o f  b o th  CAT p r o t e in  e x p re s s io n  and p la s m id  DNA le v e ls .  I n i t i a l l y  
te m p e ra tu re s  known to  re p re s s  copy number a m p l i f i c a t io n  fro m  th e  d u a l 
o r i g i n  v e c to r  w ere u se d . S ubsequent e x p e rim e n ts  w ere d e s ig n e d  to  
d e te rm in e  th e  e f f e c t  o f  d i l u t i o n  r a te  a t  te m p e ra tu re s  known to  in d u ce  
h ig h  le v e l  p ro d u c t fo rm a t io n  .
3 .4 .2  M ethods
3 .4 .2 .1  G en e ra l
E . c o l i  1B373 pMG169 was grow n and p re p a re d  f o r  a fe rm e n te r  in o cu lu m  
as b e fo re  ( 3 . 1 . 2 . 8 ) .  C u ltu re  b iom ass was m easured b y  o p t i c a l  d e n s ity
( 3 . 1 . 2 . 1 )  and was r e la te d  to  d ry  c e l l  w e ig h ts  as p r e v io u s ly  d e s c r ib e d
( 3 . 3 . 3 . 3 ) .
The s t a b i l i t y  o f  th e  p la s m id  was e s tim a te d  b y  a co m parison  o f  g ro w th  
be tw een s e le c t iv e  and n o n - s e le c t iv e  n u t r ie n t  a g a r m edia ( 3 . 1 . 2 . 5 ) .  
V ia b le  c e l l  c o u n ts  w ere m easured on L u r ia  a g a r p la te s  ( 3 . 1 . 2 . 2 )  and 
medium n u t r ie n t  le v e ls  w ere d e te rm in e d  u s in g  th e  a p p ro p r ia te  assay 
k i t s  ( 3 . 1 . 2 . 2 ) .  R ecom binant p r o te in  p ro d u c t was assayed b y  b o th  CAT
a c t i v i t y  assay ( 3 . 3 . 3 . 4 )  and s c a n n in g  d e n s ito m e try  o f  t o t a l  c e l l  
p r o t e in  e x t r a c ts  e le c tro p h o re s e d  on SDS -  p o ly a c ry la m id e  g e ls  
( 3 . 1 . 2 . 7 ) .
S a t is fa c to r y  agreem ent o f  r e s u l t s  be tw een th e  tw o m ethods was 
a c h ie v e d .
3 .4 .2 .2  C o n tin o u s  C u ltu re  F e rm e n ta tio n
F e rm e n te r c o n d i t io n s ,  o p e ra t in g  p ro c e d u re s  and c u l t u r e  medium was as 
p r e v io u s ly  d e s c r ib e d  ( 3 . 2 . 2 . 2 ) .  D i lu t io n  r a te  i n  th e  f i r s t  
e x p e rim e n t was v a r ie d  o v e r th e  range  0 .0 5 4 /h r  to  0 .2 6 5 /h r  a t  a 
c o n s ta n t  te m p e ra tu re  o f  35°C . F e rm e n ta tio n  te m p e ra tu re  was v a r ie d  
o v e r th e  range  25°C -  38°C in  th e  second and t h i r d  e x p e rim e n t a t  
a f ix e d  d i l u t i o n  r a te  o f  be tw een 0 .1 5 0 - 0 .1 6 0 /h r .
Once a s te a d y  s ta te  had been e s ta b l is h e d ,  th e  fe rm e n ta t io n s  were 
c o n firm e d  to  he o p e ra t in g  u n d e r c o n d it io n s  o f  g ly c e r o l  l i m i t a t i o n  hy 
e n s u r in g  t h a t  an in c re a s e  i n  b iom ass o c c u rre d  a f t e r  th e  a d d i t io n  o f  a 
s in g le  s h o t o f  g ly c e r o l  th a t  was s u f f i c i e n t  to  g iv e  an i n i t i a l  excess 
o f  2 g /1  i n  th e  s u p e rn a ta n t.
3 .4 .2 .3  P la sm id  DNA c o n te n t d e te rm in a t io n s
I n  o rd e r  to  a c c u r a te ly  d e te rm in e  th e  p la s m id  DNA c o n te n t  i n  sam ples 
o f  c e l l s  c o n ta in in g  p la s m id  r e p l i c a t in g  a t  lo w  copy num ber, a more 
r e l i a b le  and e q u a lly  s e n s i t iv e  m ethod o f  a n a ly s is  was d e v is e d  to  th a t  
p r e v io u s ly  used ( 3 . 1 . 2 . 6 ) .  A m o d i f ic a t io n  o f  th e  p ro c e d u re  d e s c r ib e d  
by  M oser & C am pbell (1 9 8 3 ) was em ployed.
P la s m id  DNA was p re p a re d  and t r e a te d  as b e fo re  ( 3 . 1 . 2 . 6 )  e x c e p t th a t
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a la r g e r  sam ple o f  c e l l s  was used -  th e  e q u iv a le n t  o f  1 m l o f  an 0D20 
s u s p e n s io n . The p la s m id  DNA c o n te n t o f  a range  o f  d i l u t i o n s  o f  
in d iv id u a l  sam ples was q u a n t i ta te d  b y  d e n s ito m e try .  Sample p la s m id  
DNA was s e p a ra te d  on a 0.7% aga rose  g e l a t  200 v o l t s  f o r  2 h o u rs , 
s ta in e d  w i t h  a 2mg/m l s o lu t io n  o f  e th id iu m  b ro m id e  and f i n a l l y  
p h o to g ra p h e d  u n d e r UV l i g h t .  The r e la t i v e  in t e n s i t y  o f  each d i l u t i o n  
o f  sam ple p la s m id  DNA was q u a n t i ta te d ,  a g a in s t  a d i l u t i o n  o f  a 
s ta n d a rd  pMG169 DNA p r e p a r a t io n  c o - lo a d e d  o n to  th e  same g e l ,  u s in g  a 
Joyce  L o e b l Chroraoscan 3 (w a v e le n g th  530 nm w i t h  a s l i t  w id th  o f  
0 .0 5 c m ).
D i lu t i o n  o f  sam ple and s ta n d a rd  w ere p e rfo rm e d  so t h a t  a l in e a r  
r e la t io n s h ip  be tw een DNA lo a d in g  and band in t e g r a l  was a lw ays 
a c h ie v e d . Samples w ere o n ly  compared w i th  s ta n d a rd  o v e r th e  l in e a r  
r e g io n  and w ere e x p re sse d  as e q u iv a le n c e  to  th e  le v e l  o f  lo a d in g  o f  
th e  s ta n d a rd  ( a r b i t r a r y  u n i t s ) .
T h is  m ethod was fo u n d  to  be c a p a b le  o f  a c c u r a te ly  d e te rm in in g  even 
lo w  le v e ls  o f  p la s m id  DNA fo u n d  i n  c e l l s  grow n a t  te m p e ra tu re s  th a t  
re p re s s e d  copy number a m p l i f i c a t io n  and was more c o n s is ta n t ly  
r e l i a b le  and re p ro d u c ib le  th a n  th e  m ethod p r e v io u s ly  used ( 3 . 1 . 2 . 6 . ) .
3 .4 .3 .1  The e f f e c t  o f  d i l u t i o n  r a te  on p la s m id  DNA c o n te n t and CAT 
a c c u m u la tio n  a t  35° C.
E . c o l i  1B373 pMG169 was grow n a t  35°C i n  c a rb o n  l im i t e d  c o n tin u o u s  
c u l t u r e  a t  a range  o f  d i l u t i o n  r a te s  fro m  0 .0 5 4 /h r  to  0 .2 6 5 /h r .  
Samples w ere ta k e n  once a s te a d y  s ta te  ( th r e e  c u l t u r e  volum e 
th ro u g h p u ts )  had been e s ta b l is h e d .  The e f f e c t  on CAT e x p re s s io n  (% 
e x t ra c te d  p r o te in )  and p la s m id  DNA c o n te n t ( a r b i t r a r y  u n i t s )  i s  
sum m arised in  F ig u re  3 .1 .8 .  The e f f i c ie n c y  o f  gene e x p re s s io n  was 
c a lc u la te d  fro m  th e  amount o f  CAT e x p re s s io n  p e r  u n i t  o f  p la s m id  DNA 
and i s  e xp re sse d  i n  a r b i t r a r y  u n i t s .
A s t a t i s t i c a l  a n a ly s is ,  c o n s is t in g  o f  b o th  F and tw o s id e d  t - t e s t s
( 3 . 2 . 3 . 1 ) ,  was p e rfo rm e d  to  d e te rm in e  w h e th e r any o f  th e  s te a d y  s ta te  
v a lu e s  w ere  s i g n i f i c a n t l y  d i f f e r e n t  fro m  one a n o th e r .  The r e s u l t s  
f o r  CAT e x p re s s io n , p la s m id  DNA c o n te n t and gene e x p re s s io n  
e f f i c ie n c y  a re  p re s e n te d  i n  ta b le s  3 .5 ,  3 .6  and 3 .7  r e s p e c t iv e ly .
CAT e x p re s s io n  was fo u n d  to  be c o n s ta n t a t  th e  two lo w e s t d i l u t i o n  
r a te s  ( 0 .0 5 4 /h r  and 0 .1 0 5 /h r )  b u t  th e n  ro s e  s i g n i f i c a n t l y .  By 
c o n t r a s t ,  th e  p la s m id  DNA c o n te n t  d id  n o t  v a ry  s i g n i f i c a n t l y  o v e r th e  
e n t i r e  d i l u t i o n  r a te  range  te s te d .  The e f f i c ie n c y  o f  gene e x p re s s io n  
was fo u n d  to  be s i g n i f i c a n t l y  in c re a s e d  a t  0 .2 6 5 /h r .
The p la s m id  was fo u n d  to  be r e ta in e d  b y  more th a n  97% o f  th e  v ia b le  
p o p u la t io n  th ro u g h o u t th e  d u r a t io n  o f  th e  e x p e r im e n t. I n  a d d i t io n ,  
i t s  m o le c u la r  s iz e ,  as v is u a l is e d  on agarose  g e ls ,  d id  n o t  v a r y ,  
in d ic a t in g  t h a t  no g ro s s  s t r u c t u r a l  a l t e r a t io n s  had o c c u r re d .
3.4.3 Results
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Figure 3.18 The effect of dilution rate in carbon limited continuous
culture on mean CAT expression and plasmid content ajt
35°C
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Table 3.5 The effect of dilution rate on CAT expression in carbon
l im i t e d  c o n tin u o u s  c u l t u r e .
D i lu t i o n  R ate 
( / h r )
CAT Exp. 
(%)
S td . Dev. 
( + / - )
n
0 .0 5 4 0 .2 2 3 0 .0 1 6 4
0 .1 0 5 0 .2 2 3 0 .0 1 4 5
0 .1 8 3 0 .3505 0 .0 9 0 6
0 .2 6 5 0 .9 6 1 0 .0 9 3 2
T e s t S t a t i s t i c  Between D_ & D _(deg rees  o f  freedom ”) .
J. z
D i lu t i o n  R ate 0 .105 0 .1 8 3 0 .265
( / h r )
0 .0 5 4 0 .0 ( 7 ) 2 .7 5 (8 ) 1 7 .5 6 (4 )
0 .105 - 2 .3 4 (9 ) 2 0 .3 1 (5 )
0 .1 8 3 - - 8 .2 6 (6 )
S ig n if ic a n c e  L e v e l
4 Degrees o f freedom , 5% S ig n if ic a n c e le v e l  ss 2 .7 8 , 1% le v e l  = 4 .6 0
5 Degrees o f freedom , 5% S ig n if ic a n c e le v e l  = 2 .5 7 , 1% le v e l  = 4 .0 3
6 D egrees o f freedom , 5% S ig n if ic a n c e le v e l  =s 2 .4 5 , 1% le v e l  = 3 .7 1
7 Degrees o f freedom , 5% S ig n if ic a n c e le v e l  *s 2 .3 6 , 1% le v e l  = 3 .5 0
8 Degrees o f freedom , 5% S ig n if ic a n c e le v e l  = 2 .3 1 , 1% le v e l  = 3 .3 6
9 Degrees o f freedom , 5% S ig n if ic a n c e le v e l  *3 2 .2 6 , 1% le v e l  = 3 .25
C o n c lu s io n s
A t th e  5% s ig n i f ic a n c e  le v e l ,  no d i f fe r e n c e  was fo u n d  be tw een th e  CAT 
a c t i v i t y  a t  d i l u t i o n  r a te s  0 .0 5 4  and 0 .1 0 5 /h r .  CAT a c t i v i t y  was 
s i g n i f i c a n t l y  g r e a te r  th a n  lo w e r d i l u t i o n  r a te s  a t  0 .1 8 3 /h r  (5%
le v e l )  th a n  a t  lo w e r  d i l u t i o n  ra te s  and g r e a te r  s t i l l  a t  0 .2 6 5 /h r  (1% 
l e v e l ) .
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Table 3.6 The effect of dilution rate on plasmid DNA content in
ca rb o n  l im i t e d  c o n tin u o u s  c u l t u r e .
D i lu t io n  R ate  
(  / h r )
P la s m id  DNA 
C o n te n t
S td . Dev. 
< + / - )
n
0 .0 5 4 1 .125 0 .3 4 4
0 .1 0 5 1 .367 0 .5 0 5
0 .1 8 3 1 .379 0 .7 8 6
0 .265 1 .110 0 .1 5 4
T e s t S t a t i s t i c  be tw een D, & D^Cdegrees o f  fre e d o m ).
D i lu t i o n  R ate 0 .105 0 .1 8 3 0 .2 6 5
( / h r )
0 .0 5 4 0 .8 2 (7 ) 0 .6 0 (8 ) 0 .0 8 (6 )
0 .105 - 0 .0 3 (9 ) 1 .0 3 (7 )
0 .1 8 3 - - 0 .6 7 (8 )
C o n c lu s io n
No s ig n i f i c a n t  d i f f e r e n c e  was fo u n d  betw een th e  p la s m id  DNA c o n te n t 
a t  any d i l u t i o n  r a te .
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Table 3.7 The effect of dilution rate on gene expression efficiency
i n  ca rb o n  l im i t e d  c o n tin u o u s  c u l t u r e .
D i lu t io n  R ate  
C / h r )
E f f ic ie n c y  
( A r b i t r a r y  u n i t s )
S td . Dev. 
( + / - )
n
0 .0 5 4 0 .2 1 3 0 .065 4
0 .105 0 .1 8 6 0 .082 5
0 .1 8 5 0 .3 6 4 0 .2 5 4 6
0 .2 6 5 0 .8 5 4 0 .045 2
T e s t s t a t i s t i c betw een D. & D _(deg rees o f  freedom )
JL z
D i lu t i o n  R ate 0 .105 0 .1 8 3 0 .2 6 5
( / h r )
0 .0 5 4 0 .5 4 (7 ) 1 .1 4 (8 ) 1 2 .2 1 (4 )
0 .105 - 1 .4 9 (9 ) 1 0 .5 0 (5 )
0 .1 8 3 - - 2 .5 8 (6 )
C o n c lu s io n
No s i g n i f i c a n t  d i f fe r e n c e  was fo u n d  betw een th e  e f f i c ie n c y  o f  gene 
e x p re s s io n  a t  d i l u t i o n  r a te s  betw een 0 .0 5 4 /h r  and 0 .1 8 3 /h r .  
S ig n i f ic a n t  in c re a s e s  w ere o b se rve d  how ever a t  0 .2 6 5 /h r .
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F e rm e n te r te m p e ra tu re  was v a r ie d  o v e r th e  range  2 5 -3 5 °C , a t  a 
c o n s ta n t d i l u t i o n  r a te  o f  be tw een 0 .1 5 0 - 0 .1 5 7 /h r .  The e f f e c t  upon 
CAT a c c u m u la tio n  and p la s m id  DNA c o n te n t was re c o rd e d .
The r e s u l t s ,  to g e th e r  w i t h  th e  r e la t i v e  e f f i c ie n c y  o f  gene e x p re s s io n  
(% CAT / u n i t s  o f  p la s m id  DNA ) ,  a re  sum m arised i n  F ig u re  3 .1 9 .  A 
s t a t i s t i c a l  a n a ly s is  was a g a in  p e rfo rm e d  on th e  a v a i la b le  d a ta  and is  
p re s e n te d  in  T a b le s  3 .8 ,  3 .9  and 3 .1 0 .
A ccum u la ted  CAT le v e ls  and p la s m id  DNA c o n te n t w ere  fo u n d  to  be 
c o n s ta n t a t  25 and 30°C , a lth o u g h  a t  35°C a s i g n i f i c a n t  in c re a s e  
was ob se rve d  . The e f f i c ie n c y  o f  gene e x p re s s io n  l ik e w is e  g r e a te r  a t  
35°C .
T h ro u g h o u t th e  fe rm e n ta t io n s  th e  p la s m id  was m a in ta in e d  in  th e  
p o p u la t io n  above 99% and no s t r u c t u r a l  a l t e r a t io n s  w ere o b se rve d  by 
aga rose  g e l e le c t r o p h o r e s is  on p re p a re d  sam p les.
3.4.3.2 The effect of temperature at constant dilution rate on
plasmid DNA content and CAT accumulation.
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Figure 3.19 The effect of temperature in carbon limited continuous
c u l t u r e  on mean CAT e x p re s s io n  & p la s m id  DNA c o n te n t a t  
a c o n s ta n t d i l u t i o n  r a te .
Fermentation Temperafure(T)
□ CAT + Plasmid DNA 0 Efficiency
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Table 3.8 The effect of fermentation temperature on CAT expression
i n  ca rb o n  l im i t e d  c o n tin u o u s  c u l t u r e .
T e m pera tu re
(°C )
CAT E xp. 
(%)
S td . Dev. 
( + / - )
n
25 0 .0775 0.0083 4
30 0 .0875 0.0109 4
35 0 .2325 0.0238 4
T e s t S t a t i s t i c  be tw een Temp^ & Temp^ fd e g re e s  o f  fre e d o m ).
T em pera tu re 30 35
C°C)
25 1 .4 6 (6 ) 1 2 .3 0 (6 )
30 - 1 1 .0 8 (6 )
S ig n if ic a n c e  L e v e l
V a lu e s  w ere used as p r e v io u s ly  d e s c r ib e d  (T a b le  3 . 5 ) .
C o n c lu s io n
CAT a c c u m u la tio n  was fo u n d  to  be s i g n i f i c a n t l y  in c re a s e d  a t  35°C 
(1% le v e l ) .
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Table 3.9 The effect of fermenter temperature on plasmid DNA content
i n  ca rb o n  l im i t e d  c o n tin u o u s  c u l t u r e .
T e m p e ra tu re P la sm id  DNA S td . Dev. n
( ° G ) ( + / - )  .
25 1.005 0 .0876 4
30 1 .156 0 .0580 3
35 1 .870 0 .1150 4
T e s t s t a t i s t i c  betw een Temp. & T em p-(decrees  o f  f r e e
±
T e m pera tu re 30 35
(°C )
25 2 .5 6 (5 ) 1 1 .9 7 (6 )
30 - 9 .7 0 (5 )
C o n c lu s io n
The p la s m id  DNA c o n te n t o f  c e l l s  grown a t  25°C and 30°C w ere 
s i g n i f i c a n t l y  d i f f e r e n t  a t  th e  5% le v e l  . A t  35°C how ever
p la s m id  DNA le v e l  had r is e n  s i g n i f i c a n t l y  (1% l e v e l ) .
n o t
th e
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Table 3.10 The effect of fermenter temperature on gene expression
e f f i c ie n c y  i n  c a rb o n  l im i t e d  c o n tin u o u s  c u l t u r e .
T e m pera tu re  
( °C )
Gene E x p re s s io n  
E f f ic ie n c y
S td . Dev. 
( + / - )  ........
n
25 0 .0776 0 .0096 4
30 0 .0810 0.0082 3
35 0 .1240 0 .0083 4
T e s t S t a t i s t i c  betw een Temp^ & Temo^ Cdegrees o f  fre e d o m ).
T e m pera tu re 30 35
(°C )
25 1 .4 9 (5 ) 7 .3 1 (6 )
30 - 6 .8 1 (5 )
C o n c lu s io n
Gene e x p re s s io n  e f f i c ie n c y  was s im i la r  a t  b o th  25°C and 
a lth o u g h  s i g n i f i c a n t l y  in c re a s e d  a t  35°C .
3.4.3.3 The effect of thermal induction on cell growth and CAT
a c c u m u la tio n  a t  a c o n s ta n t  d i l u t i o n  r a t e .
An e x p e rim e n t d e s ig n e d  to  s tu d y  th e  e f f e c t  o f  a range  o f  d i l u t i o n  
r a te s  on CAT a c c u m u la tio n  a f t e r  th e rm a l in d u c t io n  o f  th e  d u a l o r ig in  
v e c to r  was a tte m p te d .
A c a rb o n  l im i t e d  c o n tin u o u s  c u l t u r e  was e s ta b lis h e d  w i t h  a d i l u t i o n  
r a te  o f  0 .1 6 0 /h r  a t  34°C . I t  was hoped t h a t  t h i s  te m p e ra tu re
w o u ld  reduce  a d v e n t i t io u s  CAT a c c u m u la tio n  t h a t  had o c c u rre d  a t  
35°C . E x p re s s io n  le v e ls  w ere v e ry  s im i la r  how ever ( 0.265% o f
e x t ra c te d  p r o t e in  + 0 .0 2 9 ) .
An in c re a s e  i n  fe rm e n te r  te m p e ra tu re  to  38°C r e s u l te d  i n  an 
in c re a s e  i n  CAT a c c u m u la tio n  to  16.7% w i t h in  2 .2 5  g e n e ra t io n s  (F ig u re  
3 .2 0 ) .  P la s m id - f re e  n o n -p ro d u c in g  c e l l s  appeared  w i t h in  th e  c u l tu r e  
h o w e ve r, r e s u l t in g  i n  a subsequ en t f a l l  i n  th e  m easured CAT a c t i v i t y  
to  0.79% b y  5 .5  c u l t u r e  g e n e ra t io n s .
S im u lta n e o u s ly  w i t h  peak CAT a c c u m u la tio n , b o th  th e  c u l t u r e  o p t ic a l  
d e n s i ty  and v ia b le  c e l l  co u n t f e l l  and g ly c e r o l  s u b s t r a te  appeared  in  
th e  c u l t u r e  s u p e rn a ta n t (F ig u re  3 .2 1 ) .  B o th  v ia b le  c o u n ts  and 
o p t i c a l  d e n s ity  w ere how ever r e s to re d  w i th  th e  r i s e  i n  p la s m id - f r e e  
c e l l s .  The v ia b le  c e l l  co u n t f e l l  to  a g r e a te r  d eg ree  (96%) th a n  
th a t  p r e d ic te d  b y  th e  f a l l  i n  o p t i c a l  d e n s ity  (40%) in d ic a t in g  th a t  a 
p r o p o r t io n  o f  th e  c e l l  p o p u la t io n  was in c a p a b le  o f  fo rm in g  a c o lo n y  
on a n u t r ie n t  a g a r p la t e ,  as a r e s u l t  o f  th e  th e rm a l in d u c t io n  and 
consequ en t o v e r -e x p re s s io n  o f  th e  CAT gene.
The a c tu a l p o p u la t io n  o f  p la s m id - f r e e  c e l l s  i n  th e  c u l t u r e  was
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e s tim a te d  fro m  th e  v ia b le  c e l l  co u n ts  and th e  p r o p o r t io n  o f  th o se  
fo u n d  to  be p la s m id - f r e e  (T a b le  3 .1 1 ) .  T h is  c a lc u la t io n  assumes a 
100% re c o v e ry  o f  p la s m id - f r e e  c e l l s  on L u r ia  a g a r p la te s  -  a 
re a s o n a b le  e s t im a te  s in c e  p la s m id - f r e e  c e l l s  s h o u ld  n o t  be in h ib i t e d  
b y  p ro d u c t fo r m a t io n .  The d a ta  th e n  showed an e x p o n e n t ia l in c re a s e  
i n  p la s m id - f re e  c e l l s  o v e r th e  p e r io d  betw een 8 and 16 h o u rs  a f t e r  
th e rm a l in d u c t io n .  The in c re a s e  e qua te s  to  an a p p ro x im a te  s p e c i f ic  
g ro w th  r a te  o f  0 .5 4 0 /h r .
An e x t r a p o la t io n  o f  th e s e  c e l l  c o u n ts  back  to  th e  p o in t  o f  a t  w h ic h  
in d u c t io n  f i r s t  o c c u re d , assum ing th e  above r a te  o f  in c re a s e ,  w ou ld
5
in d ic a te  th a t  th e re  may have been a t  le a s t  6 .5  x  10 c e l ls / m l  
(a p p ro x im a te ly  0.02% ) p la s m id - f r e e  c e l l s  i n  th e  c u l t u r e .
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Table 3.11 Calculation of the viable plasmid-free cell count after
th e rm a l in d u c t io n .
Time
( h r s )
A f t e r  In d u c t io n  
(g e n e ra t io n s )
V ia b le  C e l l
Count
( x l0 9/m l)
C e l l  P o p u la t io n
M easured
P+% P-%
C a lc u la te d  *  
P la s m id - fre e  
co u n t 
( x l0 9/m l)
0 0 .0 6 .9 0 100 0 N/D
1 0 .2 6 3 .9 8 100 0 N/D
2 0 .4 6 3 .4 0 100 0 N/D
4 0 .9 6 1 .7 0 100 0 N/D
8 1 .7 6 0 .1 6 69 31 0 .059
10 2 .2 6 0 .2 0 5 95 0 .1 9
12 2 .6 6 0 .4 6 0 100 0 .4 6
16 3 .5 6 3 .8 0 3 97 3 .6 8
20 4 .4 6 3 .1 0 2 98 3 .0 4
24 5 .4 6 3 .8 0 0 100 3 .8 0
N/D N ot D e te c ta b le .
*  C a lc u la te d  fro m  th e  P la s m id - f re e  p r o p o r t io n  o f  th e  v ia b le  c e l l  
c o u n t assum ing 100% c e l l  re c o v e ry  on L -A g a r p la te s .
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F ig u re  3 .2 0  The e f f e c t  o f  th e rm a l in d u c t io n  on CAT a c c u m u la tio n  and 
th e  p r o p o r t io n  o f  p la s m id  b e a r in g  c e l l s  w i t h in  a ca rb o n  
l im i t e d  c o n tin u o u s  c u l t u r e  a t  a d i l u t i o n  r a te  o f  0 . 1 6 /h r .
Generations After Induction 
□ CAT Accumulation + X Plasmid Bearing
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s u p e rn a ta n t g ly c e r o l  le v e ls  and v ia b le  c e l l  co u n ts  w i t h in  
a c a rb o n  l im i t e d  c o n tin u o u s  c u l tu r e  a t  a d i l u t i o n  r a te  o f
Figure 3.21 The effect of thermal induction on optical density.
0 .1 6 /h r .
0 O.D.
Generations After Induction 
+ Viable Cell Count 0 Gycerol
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3.4.4 Discussion
B a tc h  c u l t u r e  e x p e rim e n ts  in d ic a te d  t h a t  h ig h e r  g ro w th  ra te s  
in c re a s e d  CAT e x p re s s io n  p r i o r  to  in d u c t io n  ( 3 . 3 ) .  I n  some 
c irc u m s ta n c e s  ho w e ve r, o th e r  f a c to r s  m ust a ls o  have in f lu e n c e d  
e x p re s s io n . A v a r ie t y  o f  te m p e ra tu re s  and s u b s t r a te  ty p e s  w ere 
r e q u ir e d  to  o b ta in  th e  r e q u ir e d  range  o f  s p e c i f i c  g ro w th  r a te s .  
These p a ra m e te rs  may have c o n s e q u e n tly  c o n t r ib u te d  to  th e  r e s u l t s  
o b se rve d  e i t h e r  b y  s p e c i f i c a l l y  a f f e c t in g  th e  d u a l o r ig in  v e c to r  
i t s e l f  o r  g e n e r a l ly  in v o k in g  changes in  DNA o r  p r o t e in  b io s y n th e s is .  
To d is t in g u is h  cause and e f f e c t ,  chem osta t c u l t u r e  was used to  v a ry  
one p a ra m e te r in d e p e n d e n tly  fro m  a l l  o th e rs .
The n a tu re  o f  th e  l i m i t i n g  s u b s t r a te  i n  ch e m o s ta t c u l t u r e  can 
fu n d a m e n ta lly  e f f e c t  th e  p h y s io lo g y  o f  th e  c e l l  (Tem pest & W ou te rs , 
1 9 8 1 ). I t  i s  th e r e fo r e  im p o r ta n t  to  d e f in e  th e  a c tu a l  l i m i t i n g  
s u b s t r a te  -  a p o in t  n o t  e s ta b lis h e d  b y  some w o rk e rs  (Seo & B a i le y ,  
1986} S e ig e l & Ryu, 1985; Brown e t  a l . .  1985; Lee e t  a l . .  1 9 8 8 ). 
C arbon l i m i t a t i o n  was chosen i n  th e s e  e x p e rim e n ts  p r im a r i l y  because 
i t  w o u ld  be easy to  e s ta b l is h  and m a in ta in .  A h ig h  ca rb o n  c o n v e rs io n  
y ie ld  m ig h t a ls o  be p r e d ic te d  -  a s i t u a t io n  d e s ir a b le  f o r  an 
i n d u s t r i a l  fe d  b a tc h  fe r m e n ta t io n  p ro c e s s  a c h ie v in g  h ig h  c e l l  
d e n s i t ie s .  SM6 medium was used i n  th e s e  e x p e r im e n ts  supp lem ented  
w i t h  5 g /L  g ly c e r o l  as th e  g ro w th  l i m i t i n g  n u t r i e n t .
R e s u lts  showed th a t  d i l u t i o n  r a te  a t  35°C c le a r l y  in f lu e n c e d  CAT 
a c c u m u la tio n  and th e  e f f i c ie n c y  o f  CAT e x p re s s io n  a lth o u g h  n o t  th e  
le v e ls  o f  p la s m id  DNA ( F ig .  3 .1 8 ) .  These r e s u l t s  a re  i n  some 
re s p e c ts  q u i te  d i f f e r e n t  fro m  o th e r  r e p o r ts  o f  re c o m b in a n t p r o te in
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e x p re s s io n  and p la s m id  DNA le v e ls  i n  E . c o l i  g row n i n  c o n tin u o u s  
c u l t u r e .  The e f f i c ie n c y  o f  e x p re s s io n  d id  n o t  f a l l  w i t h  in c re a s e s  in  
g ro w th  r a te  as has been p r e v io u s ly  re p o r te d  (Seo & B a i le y ,  1986; 
K o izu m i e t  a l . . 1 9 8 5 ). T h is  may have been a r e f l e c t i o n  o f  th e  le v e ls  
o f  gene dose in  th e  v a r io u s  p la s m id s  used -  r e p o r te d ly  i n  th e  range 
10 -30  c o p ie s  p e r h o s t  chromosome, w hereas th e  d u a l o r i g i n  v e c to r  
r e p l ic a t e s  fro m  th e  lo w  copy o r i g in  a t  4 c o p ie s  p e r  chromosome 
(Y a r ra n to n  e t  a l . . 1 9 8 4 ). I t  appears  th a t  copy num ber i s  u n a f fe c te d  
b y  d i l u t i o n  r a te  -  pe rh a p s  a fu n c t io n  o f  th e  pS C lO l o r i g i n  o f  
r e p l i c a t io n .
The o b s e rv a t io n  t h a t  e x p re s s io n  in c re a s e d  w i t h  in c r e a s in g  d i l u t i o n  
r a te  i s  i n  b ro a d  agreem ent w i t h  o th e r  s tu d ie s  (Seo & B a i le y  1986; 
Brown e t  a l . , 1 9 8 5 ), a lth o u g h  in  b o th  cases an optim um  d i l u t i o n  r a te  
was re p o r te d  a t  in te r m e d ia te  d i l u t i o n  r a te s .  No such  o b s e rv a t io n  was 
n o te d  i n  th e  e x p e rim e n ts  re p o r te d  h e re  ( 3 . 4 . 3 . 1 )  -  h ig h e r  d i l u t i o n  
r a te s  m e re ly  i n i t i a t e d  w ashou t c o n d it io n s  ( 0 . 3 1 / h r ) .  The s p e c i f ic  
g ro w th  r a te  i n  c a rb o n  l im i t e d  c o n tin u o u s  c u l t u r e  i s  known to  t i g h t l y  
re g u la te  p r o t e in  and ribosom e b io s y n th e s is  (Tem pest & W o u te rs , 1981) 
and th e r e fo r e  CAT a c c u m u la tio n  m ig h t be e xp e c te d  to  he s t r o n g ly  
in f lu e n c e d .  The le v e l  o f  p la s m id  DNA i s  c le a r l y  n o t  a l i m i t i n g  
f a c t o r  i n  o v e r a l l  e x p re s s io n  a t  le a s t  a t  lo w e r  d i l u t i o n  r a te s  ( F ig .
3 .1 8 )  and ca n n o t e x p la in  why CAT s p e c i f i c a l l y  a ccu m u la te s  compared 
w i t h  a l l  o th e r  E . c o l i  p r o te in s .  A p o s s i b i l i t y  e x is t s  t h a t  th e  t r p  
p ro m o te r can com pete more a v id ly  f o r  RNA p o lym erase  o r  CAT mRNA b in d s  
more e f f e c t i v e l y  to  ribosom es as g ro w th  r a te  r i s e s .  The f a c t  th a t  
CAT mRNA i s  more s ta b le  a t  h ig h e r  s p e c i f ic  g ro w th  r a te s  ( N ils s o n  e t  
a l . , 1984) m ust a ls o  p la y  a r o le .  The t r p  p ro m o te r i s  a ls o  known to  
he ca p a b le  o f  in c re a s in g  th e  fre q u e n c y  o f  t r a n s c r ip t io n  i n i t i a t i o n  a t
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h ig h e r  g ro w th  r a te s  u n d e r c o n d it io n s  t h a t  a re  c o n s t i t u t i v e  f o r  i t s  
a c t i v i t y  (Rose & Y a n o fs k y , 1 9 8 2 ).
The r e s u l t s  o f  te m p e ra tu re  a l t e r a t io n s  a t  a f i x e d  d i l u t i o n  r a te  
c o n t r a s t  to  th o s e  o b ta in e d  when j u s t  d i l u t i o n  r a te  was v a r ie d .  The 
le v e ls  o f  p la s m id  DNA a re  g r e a t ly  in f lu e n c e d  i n  th e s e  e x p e r im e n ts . 
In c re a s e s  i n  CAT a c c u m u la tio n  and e x p re s s io n  e f f i c ie n c y  w ere  l ik e w is e  
o n ly  o b se rved  a t  35°C ( F ig .  3 .1 9 ) .  The e le v a te d  copy number a t  
35°C may have been due e i t h e r  to  a s p e c i f i c  e f f e c t  on th e  pSC lO l 
o r i g i n  o f  r e p l i c a t io n  o r ,  pe rh a p s  more l i k e l y ,  p a r t i a l  le a k in e s s  o f  
th e  lam bda PR p ro m o te r p e r m it t in g  o c c a s io n a l r e p l i c a t io n  fro m  th e  
h ig h e r  copy number pAT153 o r i g in .  I n t e r e s t in g ly ,  th e  e f f i c ie n c y  o f  
CAT e x p re s s io n  i s  a ls o  g r e a te r  a t  35°C , a g a in  in d ic a t in g  a 
d is a s s o c ia t io n  be tw een e x p re s s io n  and p la s m id  DNA and im p ly in g  th a t  
e i t h e r  g r e a te r  le v e ls  o f  CAT mRNA a re  accu m u la te d  o r  g e n e ra l p r o te in  
s y n th e s is  has a g r e a te r  c a p a c ity  f o r  w h ic h  CAT mRNA s u c c e s s fu l ly  
com petes. The t r p  p ro m o te r has been re p o r te d  to  be more a c t iv e  a t  
h ig h e r  te m p e ra tu re s  (A u g e r & B e n n e t, 1987) a lth o u g h  f o r  t h i s  to  have 
an a f f e c t  i n  t h i s  s i t u a t io n  an in c re a s e  in  e f f i c ie n c y  m ig h t have a ls o  
been e xp e c te d  be tw een 25 and 30°C . The o b s e rv a t io n  how ever, th a t  
e x p re s s io n  o f  p r o te in s  fro m  th e  t r p  p ro m o te r ( 3 . 4 . 3 . 1 )  can 
p o t e n t i a l l y  be r e g u la te d  by  g ro w th  r a te  in d e p e n d e n t o f  te m p e ra tu re  
may e x p la in  th e  d i f fe r e n c e s  i n  p ro m o te r a c t i v i t y  th o s e  a u th o rs  
o b s e rv e d . A g a in  th e s e  r e s u l t s  d i f f e r  fro m  p re v io u s  r e p o r ts  i n  th a t  
gene e x p re s s io n  e f f i c ie n c y  does n o t  f a l l  w i t h  in c re a s e s  i n  th e  
p la s m id  DNA c o n te n t (Seo & B a i le y ,  1986; K o izu m i e t  a l . . 1 9 8 5 ).
S in c e  e f f i c ie n c y  r is e s  w i th  in c re a s e s  i n  b o th  te m p e ra tu re  and 
d i l u t i o n  r a t e ,  i t  i s  d i f f i c u l t  to  d e te rm in e  fro m  th e s e  d a ta  w h e th e r
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o r  n o t  DNA le v e l  i s  p r im a r i l y  re s p o n s ib le  f o r  th e  in c re a s e  i n  p ro d u c t 
e x p re s s io n .  A m p l i f ic a t io n  o f  DNA upon th e rm a l in d u c t io n ,  w i t h  th e  
c o n s e q u e n t ia l r i s e  i n  re c o m b in a n t p r o te in  le v e ls ,  w o u ld  im p ly  th e y  
w o u ld  have to  be d i r e c t l y  a s s o c ia te d .
The chem osta t s tu d ie s  r e p o r te d  h e re  la r g e ly  e x p la in  th e  r e s u l t s  
o b se rve d  i n  b a tc h  c u l t u r e  p r i o r  to  th e rm a l in d u c t io n  o f  th e  p la s m id
( 3 . 3 . 3 . 1 ) .  C le a r ly  s p e c i f i c  g ro w th  r a te  e f f e c t s  CAT e x p re s s io n  v ia  
g r e a te r  e f f i c ie n c y .  I n  a d d i t io n  a t  35°C , b o th  copy num ber and 
e f f i c ie n c y  o f  p r o t e in  p ro d u c t io n  a re  h ig h e r  th e r e fo r e  r e s u l t in g  in  
more p ro d u c t io n .  These r e s u l t s  e x p la in  why g ro w th  on g ly c e r o l  a t  
35°C ( 0 .3 7 /h r )  y ie ld e d  more CAT th a n  g ro w th  a t  30°C on g lu c o s e
( 0 . 4 3 / h r ) .  P r e c is e ly  why th e  c o m b in a tio n  o f  g lu c o s e  s u b s t ra te  and 
35°C gave such  h ig h  a ccu m u la te d  CAT le v e ls  i n  th e  absence o f  a h ig h  
s p e c i f i c  g ro w th  r a te  ca n n o t be r e a d i ly  e x p la in e d . The s lo w  g ro w th  
o b se rve d  was p re su m a b ly  a consequence o f  th e  le v e l  o f  CAT 
e x p re s s io n . P erhaps th e  c o m b in a tio n  o f  h ig h e r  copy number a t  35°C 
p lu s  th e  p o t e n t ia l  g ro w th  r a te  advan tages o f  g lu c o s e  as a s u b s t ra te  
i n t e r a c t  to  enhance CAT e x p re s s io n .
I n  b a tc h  c u l t u r e  th e  p la s m id  DNA c o n te n t was g r e a t ly  enhanced a t  
35°C o v e r  25°C and 30°C -  an o b s e rv a t io n  n o t  s u p p o rte d  to
n e a r ly  th e  same e x te n t  by  th e  r e s u l t s  i n  c o n tin u o u s  c u l t u r e .  T h is  
c o u ld  he due e i t h e r  to  in a c c u ra c y  o f  th e  DNA assays  p r e v io u s ly  used 
o r  as a r e a l  e f f e c t  o f  c a rb o n  l im i t e d  c o n tin u o u s  c u l t u r e  re p re s s in g  
r e p l i c a t io n  fro m  one o r  b o th  o f  th e  o r ig in s  on th e  p la s m id .
These r e s u l t s  ( 3 . 4 . 3 . 2 )  a ls o  d i f f e r  fro m  th o s e  o b se rve d  i n  3 .2 .3 .1  
w here in c re a s e s  i n  te m p e ra tu re  fro m  30 to  35°C showed no 
s i g n i f i c a n t  e f f e c t  on ^ - la c ta m a s e  le v e ls .  T h is  was p ro b a b ly
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in d ic a t i v e  o f  th e  f a c t  t h a t  p - la c ta m a s e  o n ly  q u a l i t a t i v e l y  in d ic a te d  
changes i n  p la s m id  copy number and was n o t  a s u i t a b le  p a ra m e te r f o r  
more d e ta i le d  e x p e r im e n ts .
E x p e rim e n ts  w ere  a ls o  s e t  up to  e s ta b l is h  th e  e f f e c t  o f  d i l u t i o n  r a te  
on CAT a c c u m u la tio n  and p la s m id  DNA c o n te n t  a f t e r  copy number 
in d u c t io n  had occuued . To t h i s  end, a c a rb o n  l im i t e d  c o n tin u o u s  
c u l t u r e  was e s ta b lis h e d  a t  a te m p e ra tu re  o f  34°C ( i n  an a tte m p t to  
re p re s s  CAT e x p re s s io n  and a v o id  any s l i g h t  in c re a s e s  i n  p la s m id  copy 
num ber) a t  a d i l u t i o n  r a te  o f  0 .1 6 0 /h r .  The fe r m e n ta t io n  te m p e ra tu re  
was in c re a s e d  to  38°C to  in d u c e  copy number a m p l i f i c a t io n  once a 
s te a d y  s ta te  had been e s ta b l is h e d .  A s ta b le  p o p u la t io n  o f  p ro d u c t 
e x p re s s in g  c e l l s  was n o t  e s ta b lis h e d  -  a s im i la r  p a t te r n  r e s u l te d  to  
t h a t  ob se rve d  b e fo re  w i t h  E . c o l i  1B392 pMG171 ( 3 . 2 . 3 . 2 ) .  CAT 
a c c u m u la tio n  a n d /o r  th e  p la s m id  DNA c o n te n t w ere s u f f i c i e n t  to  reduce  
th e  maximum s p e c i f i c  g ro w th  r a te  o f  th e  c e l l s  b e lo w  t h a t  o f  th e  
fe r m e n ta t io n  d i l u t i o n  r a t e .  P ro d u c t e x p re s s in g  c e l l s  c o n s e q u e n tly  
began to  wash o u t o f  th e  fe rm e n te r  as in d ic a te d  h y  a d ro p  i n  th e  
c u l t u r e  o p t i c a l  d e n s i ty  and th e  l i m i t i n g  s u b s t r a te  a p p e a rin g  i n  th e  
s u p e rn a ta n t.
As in  p re v io u s  e x p e r im e n ts , p la s m id - f r e e  c e l l s  soon o ve rg re w  th e  
c u l t u r e ,  e s ta b l is h in g  a new s te a d y  s t a t e .  Two a d d i t io n a l  fe a tu re s  
w ere  ob se rve d  fro m  t h i s  fe rm e n ta t io n  how eve r. F i r s t l y ,  th e  le v e ls  o f  
CAT a c c u m u la tio n  (a s  m easured b o th  hy  enzym ic a c t i v i t y  and sc a n n in g  
sam ples on p o ly a c ry la m id e  g e ls )  w ere v e ry  s im i la r  to  th o s e  a c h ie v e d  
i n  h a tc h  c u l t u r e  -  o n ly  v a ry in g  i n  th e  le n g th  o f  t im e  ta k e n  to  
a c h ie v e  a pe a k . T h is  fe a tu r e  c o n firm e d  an e a r l i e r  p r e d ic t io n  
( 3 .3 .4 )  th a t  c e l l s  grow n i n i t i a l l y  a t  a reduced  s p e c i f i c  g ro w th  r a te  
w o u ld  n o t  s u f f e r  fro m  reduced  f i n a l  e x p re s s io n  le v e ls  h u t  o n ly  a
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delay in the onset of CAT amplification.
The se c o n d  f e a t u r e  w as th e  c a l c u l a t i o n  o f  th e  p l a s m i d - f r e e  c e l l  
p o p u la t io n  from  th e  v i a b l e  c e l l  c o u n t s .  Q u ite  a p p r e c i a b le  num bers  
o f  p l a s m i d - f r e e  c e l l s  w ere p r e s e n t  i n  th e  p o p u la t io n  o n ly  8 h o u rs  
a f t e r  i n d u c t i o n .  T h is  p o p u la t io n  a l s o  a p p e a re d  t o  b e  i n c r e a s in g  
e x p o n e n t i a l l y  a t  a s p e c i f i c  g ro w th  r a t e  o f  a p p r o x im a te ly  0 . 5 4 / h r  ( a  
v a lu e  h ig h e r  th a n  t h a t  o b s e r v e d  f o r  th e  h o s t  a t  4 2 ° C ,  3 . 1 . 3 . 3 ) .
T h is  c a l c u l a t e d  v a lu e  c o u ld  h ow ever h av e  b e e n  o v e r e s t im a t e d  a lth o u g h  
th e  v a lu e  a t  4 2 °C  may h a v e  b e e n  r e s t r i c t e d  a t  t h i s  te m p e ra tu r e  
(P a r k  & R yu , 1 9 9 0 ) .
I t  w as p o s s i b l e  from  t h e s e  d a t a  t o  e s t i m a t e  th e  p r o p o r t io n  o f
p l a s m i d - f r e e  c e l l s  p r e s e n t  in  th e  p o p u la t io n  a t  th e  p o in t  o f
in d u c t io n  b y  e x t r a p o l a t i o n  b a c k  from  th e  known c a l c u l a t e d  v a lu e s
a f t e r  i n d u c t i o n .  Two a s s u m p tio n s  w ere  m ade, f i r s t l y  t h a t  a c o n s t a n t
c o m p e t i t iv e  a d v a n ta g e  o v e r  p la s m id -c o n t a in i n g  c e l l s  e x i s t e d  w it h in
th e  fe r m e n te r  and s e c o n d ly  a c o n s t a n t  g ro w th  r a t e  o f  0 . 5 4 / h r  o f  th e
5
p l a s m i d - f r e e  c e l l s .  The r e s u l t a n t  v a lu e  o f  6 . 5  x  10  p l a s m i d - f r e e  
c e l l s / m l  ( 0 . 02%) a t  th e  p o in t  o f  in d u c t io n  w o u ld  n o t  h a v e  b e e n  
d e t e c t e d  b y  th e  s im p le  p l a t e  p ic k in g  a s s a y .  A ssu m in g  lo w e r  r a t e s  o f  
p l a s m i d - f r e e  o v e r g r o w th , e i t h e r  b y  a lo w e r  g ro w th  r a t e  o r  l e s s  o f  a 
c o m p e t i t iv e  a d v a n ta g e  o v e r  th e  p la s m id -c o n t a in i n g  c e l l s ,  w ou ld  o n ly  
i n f e r  a g r e a t e r  p r o p o r t io n  o f  p l a s m i d - f r e e  c e l l s  p r e s e n t  a t  i n d u c t i o n .  
T h e se  num bers o f  p l a s m i d - f r e e  c e l l s  w ou ld  i n d i c a t e  a d e g r e e  o f  
i n s t a b i l i t y  in h e r e n t  w it h  th e  d u a l o r i g i n  b a s e d  p la s m id s  a lth o u g h  th e  
m echanism  b y  w h ich  th e y  a p p e a r  i s  n o t  c l e a r .  A t  lo w e r  te m p e r a tu r e s  
th e  r i s k  o f  o v e r -c o m p e t i t i v e  p l a s m i d - f r e e  g ro w th  i s  re d u c e d  b y  
e f f i c i e n t  p r o d u c t  r e g u l a t i o n .  The p o s s i b i l i t y  t h a t  t h e s e  c e l l s
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a r o s e  a s  a d i r e c t  r e s u l t  o f  co p y  number a m p l i f i c a t i o n  i s  u n l i k e l y  
h ow ev er s i n c e  i n c r e a s e s  i n  co p y  n um ber, i n  th e  a b s e n c e  o f  p la s m id  
m u lt i m e r is a t io n  (Sum mers & S h e r r a t ,  1 9 8 4 )  s h o u ld  re d u c e  th e  
l i k e l i h o o d  o f  g e n e r a t in g  p l a s m i d - f r e e  c e l l s  (P r im r o s e  e t  a l . .  1 9 8 4 ) .
I n  c o n c lu s i o n ,  t h e s e  s i n g l e  s t a g e  c h e m o sta t  e x p e r im e n ts  w ere c a p a b le  o f  
e x p la i n in g  n on  in d u c e d  b a t c h  c u l t u r e  r e s u l t s .  T h ey  c o u ld  n o t  
h ow ever d e f i n e  a s i n g l e  p a r a m e te r  e f f e c t  on h ig h  l e v e l  e x p r e s s io n  and 
p la s m id  DNA c o n t e n t  from  th e  d u a l o r i g i n  v e c t o r .  B e c a u se  o f  th e  
t r a n s i t o r y  n a t u r e  o f  CAT a c c u m u la t io n , r e p r o d u c ib le  s t e a d y  s t a t e  
v a lu e s  c o u ld  n o t  b e  o b t a in e d .
One m ethod o f  o v e rc o m in g  t h i s  p ro b le m  w ou ld  b e  t o  u t i l i s e  two s t a g e  
c o n tin u o u s  c u l t u r e .  Two c h e m o s ta ts  w ou ld  b e  l in k e d  i n  s e r i e s  -  th e  
f i r s t  o p e r a te d  a t  a r e p r e s s i n g  te m p e ra tu r e  s u p p ly in g  p la s m id -b e a r in g  
c e l l s  a t  a c o n s t a n t  r a t e  to  a se c o n d  fe r m e n te r  .w h e re  in d u c in g  
c o n d i t i o n s  c o u ld  b e  a p p l i e d .  S t a b le  c o n d it io n s  s h o u ld  b e  e s t a b l i s h e d  
i n  th e  se c o n d  s t a g e  so  t h a t  th e  i n f lu e n c e  o f  v a r i a t i o n s  in  
te m p e ra tu r e  and g ro w th  r a t e  ca n  b e  e x am in ed .
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3 . 5  An i n v e s t i g a t i o n  i n t o  th e  e f f e c t  o f  c e l l  g ro w th  on  in d u c t io n  and
e x p r e s s io n  o f  re c o m b in a n t p r o t e i n  from  th e  d u a l o r i g i n  v e c t o r  in  two 
s t a g e  c o n t in u o u s  c u l t u r e .
Summary
Two s t a g e  c o n t in u o u s  c u l t u r e  w as em p loyed  i n  p r e f e r e n c e  t o  s i n g l e  
s i n g l e  s t a g e  c u l t u r e  a s  i t  o f f e r e d  th e  p r o s p e c t  o f  a c h ie v in g  s t a b l e  
h ig h  l e v e l  s y n t h e s i s  o f  a re c o m b in a n t p r o t e i n  i n  th e  a b s e n c e  o f  
o v e r g r o w th  b y  p l a s m i d - f r e e  c e l l s .  CAT e x p r e s s i o n ,  from  E . c o l i  1B 373
pM G169, c o u ld  b e  m a in ta in e d  i n  th e  se c o n d  s t a g e  a t  l e v e l s  b e tw e e n  7%
and 10% o f  t o t a l  p r o t e i n  w it h o u t  m a s s iv e  o v e r g r o w th  o f  p l a s m i d - f r e e  
c e l l s  f o r  a t  l e a s t  168  h o u r s  (5 7  g e n e r a t i o n s ) .  The f r a c t i o n  o f  
p l a s m i d - f r e e  c e l l s  i n  th e  t o t a l  p o p u la t io n  w a s , h o w e v e r , fo u n d  to
i n c r e a s e  s lo w ly  th ro u g h o u t  th e  d u r a t i o n  o f  th e  fe r m e n t a t i o n  i n  b o th  
s t a g e s ,  a lth o u g h  i t  n e v e r  e x c e e d e d  5% . D e s p i t e  t h i s  i n c r e a s e ,  a 
s y s t e m a t ic  s tu d y  on th e  e f f e c t  o f  v a r io u s  p h y s i o l o g i c a l  p a r a m e te r s  on  
p la s m id  d i r e c t e d  CAT a c c u m u la t io n  c o u ld  s t i l l  b e  p e r fo r m e d . The 
e f f e c t  o f  s p e c i f i c  g ro w th  r a t e  and mean c e l l  r e s id e n c e  t im e  on s t e a d y  
s t a t e  CAT a c c u m u la t io n  and p la s m id  DNA c o n t e n t  i n  th e  se c o n d  s t a g e  
w as s t u d i e d .
B o th  CAT a c c u m u la t io n  and th e  e f f i c i e n c y  w it h  w h ich  i t  w as e x p r e s s e d  
from  th e  a v a i l a b l e  p la s m id  DNA w ere fou n d  t o  b e  p o s i t i v e l y  a f f e c t e d  
b y  i n c r e a s e s  i n  c e l l  g ro w th  r a t e  t o  a p o in t  a b ov e  w h ic h  o v e r g r o w th  by  
s i g n i f i c a n t  num bers o f  p l a s m i d - f r e e  c e l l s  o c c u r r e d . T h is  maximum 
r a t e  f o r  p la s m id -b e a r in g  c e l l s  ( d e f in e d  a s  p 2 m ax) d ro p p ed  w ith  
i n c r e a s i n g  mean c e l l  r e s i d e n c e  t im e .
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3 .5 .1  Introduction
P r e v io u s  a tte m p ts  t o  u t i l i s e  c o n t in u o u s  c u l t u r e  f o r  th e  s t u d y  o f  h ig h  
l e v e l  re c o m b in a n t p r o t e i n  e x p r e s s io n  from  th e  d u a l o r i g i n  v e c t o r  
f a i l e d  due t o  o v e r g r o w th  b y  p l a s m i d - f r e e  c e l l s  w i t h i n  a s h o r t  p e r io d  
a f t e r  th e r m a l in d u c t io n  ( 3 . 4 . 3 . 3 ) .  CAT e x p r e s s io n  was th u s  to o  
t r a n s i t o r y  i n  n a t u r e  t o  s tu d y  th e  e f f e c t  o f  v a r i o u s  p h y s i o l o g i c a l  
p a r a m e t e r s , su c h  a s  s p e c i f i c  c e l l  g ro w th  r a t e ,  on p r o d u c t  
a c c u m u la t io n . I t  was e n v is a g e d  t h a t  two s t a g e  c o n t in u o u s  c u l t u r e  
c o u ld  overcom e t h i s  l i m i t a t i o n ,  s i n c e  th e  s y s te m  p e r m it t e d  th e  
s e p a r a t i o n  o f  g ro w th  and p r o d u c t io n  p h a s e s  i n t o  two v e s s e l s .  Two 
c h e m o s ta ts  w ere l in k e d  i n  s e r i e s ,  th e  f i r s t  v e s s e l  s u p p ly in g  
u n in d u c e d  c e l l s  t o  th e  s e c o n d , w h ich  c o u ld  b e  s e t  t o  an in d u c in g  
te m p e r a tu r e . The mean r e s id e n c e  t im e  c h o se n  f o r  th e  s e c o n d  s t a g e  was 
s h o r t  t o  l i m i t  o v e r g r o w th  b y  p l a s m i d - f r e e  c e l l s ,  y e t  lo n g  enough  f o r  
p la s m id  a m p l i f i c a t i o n  and re c o m b in a n t p r o t e i n  e x p r e s s io n  t o  o c c u r .
T h is  ty p e  o f  s y s te m , s i m u la t i n g  a "p lu g  f l o w "  ty p e  o f  r e a c t o r  s y s te m ,  
a lth o u g h  u s in g  h om og en o u s, c o n t r o l l a b l e  c o n d i t i o n s ,  was o r i g i n a l l y  
d e s c r i b e d  b y  H e r b e r t  ( 1 9 6 0 )  and h a s  p r o v e d  t o  b e  a p o w e r fu l  te c h n iq u e  
when a p p l ie d  t o  th e  e l u c i d a t i o n  o f  m ixed  s u b s t r a t e  o r  i n h i b i t o r y  
e n v ir o n m e n ts  (J o n e s  e t  a l . .  1 9 7 3 j H a r te  & W ebb, 1 9 6 7 ) .  B o th  s i n g l e  
and m u lt is t r e a m  t y p e s  o f  s y s te m  ca n  b e  s e t  u p . I n  th e  fo r m e r , f r e s h  
medium i s  s u p p l ie d  s o l e l y  t o  th e  f i r s t  v e s s e l  o f  a s e r i e s  o f  
c h e m o s t a t s .  The l a t t e r  h a s  i n d i v i d u a l  f e e d s  t o  e a c h  s t a g e  ( R i c i c a ,  
1 9 7 0 ) .  The m u lt is t r e a m  s y s te m  p e r m its  g ro w th  t o  o c c u r  i n  th e  se c o n d  
s t a g e  and i s  h e n c e  op en  t o  m a n ip u la t io n .
In  c o n t r a s t  t o  s i n g l e  s t a g e  c h e m o sta t  c u l t u r e ,  th e  d i l u t i o n  r a t e  in
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th e  se c o n d  s t a g e  o f  a m u lt is t r e a m  s y s te m  d o e s  n o t  a u t o m a t i c a l l y  e q u a l  
t h e  s p e c i f i c  g ro w th  r a t e  u n d er  s t e a d y  s t a t e  c o n d i t i o n s .  F or e x a m p le , 
i f  no a d d i t i o n a l  s u b s t r a t e  w as a p p l ie d  to  th e  s e c o n d  s t a g e ,  no n e t  
g ro w th  o c c u r r e d  ( p 2 =  0 ) .  T h is  w ou ld  b e  d e s p i t e  a d i l u t i o n  r a t e  
e q u a l t o  th e  f lo w  from  th e  f i r s t  s t a g e  d i v i d e d  b y  th e  fe r m e n te r  
v o lu m e . G row th i n  th e  s e c o n d  s t a g e  i s  d e p e n d a n t on th e  r a t e  o f  
s u p p ly  o f  g ro w th  l i m i t i n g  s u b s t r a t e  e i t h e r  d i r e c t l y  from  th e  f i r s t  
s t a g e  o r  from  a f r e s h  s u p p ly  ( P i r t ,  1 9 7 5 ) .  The s p e c i f i c  g ro w th  r a t e  
can  b e  m a n ip u la te d  b y  a d ju s t i n g  th e  r a t e  a t  w h ich  f r e s h  s u b s t r a t e  i s  
s u p p l i e d .  The d i l u t i o n  r a t e  (D 2 ) i n  e v e r y  c a s e ,  i s  a lw a y s  e i t h e r  
e q u a l t o ,  o r  g r e a t e r  t h a n , t h e  s p e c i f i c  g ro w th  r a t e  ( v ^ )  ( s e c t i o n  
3 . 5 . 2 . 2 ) .  I t  i s  p o s s i b l e  t o  m a n ip u la te  c o n d i t i o n s  su c h  t h a t  c e l l s  
ca n  grow  u n d er s t e a d y  s t a t e  c o n d it i o n s  a t  t h e i r  Hmax “  a 
s i t u a t i o n  p r a c t i c a l l y  i m p o s s ib le  i n  s i n g l e  s t a g e  c u l t u r e .
Two s t a g e  c o n t in u o u s  c u l t u r e  h a s  b e e n  p r e v i o u s ly  a tte m p te d  t o  s tu d y  
i n d u c ib le  re c o m b in a n t p r o t e i n  e x p r e s s i o n ,  a lth o u g h  o n ly  w ith  l i m i t e d  
s u c c e s s  ( S i e g e l  & R yu , 1 9 8 5 ) .  S t a b le  c o n d i t i o n s  w e re  n o t  e s t a b l i s h e d  
and e x p r e s s io n  was o n ly  e x te n d e d  f o r  48  h o u r s  -  an  i n s u f f i c i e n t  
p e r i o d  o f  t im e  f o r  r e p r o d u c ib le  r e s u l t s  o r  a s y s t e m a t ic  s t u d y .  
P ro b le m s w it h  an u n s t a b le  p la s m id  i n  th e  f i r s t  s t a g e  and p o o r  c o n t r o l  
o v e r  th e  g ro w th  e n v iro m e n t i n  th e  se c o n d  s t a g e  w ere e n c o u n te r e d  (L e e  
e t  a l . . 1 9 8 8 ) .
T h is  s e c t i o n  d e s c r i b e s  a m u lt is t r e a m  two s t a g e  c o n t in u o u s  c u l t u r e  
s y s te m  a p p l ie d  t o  th e  d u a l o r i g i n  v e c t o r  e x p r e s s in g  th e  CAT p r o t e i n  
(p M G 1 6 9 ). The aim  was to  d e te r m in e  w h eth er  c a r e f u l  m a n ip u la t io n  o f  
g ro w th  c o n d i t i o n s  and th e  u s e  o f  an i n h e r e n t ly  s t a b l e  v e c t o r  sy ste m  
p e r m it t e d  s t a b l e  h ig h  l e v e l s  o f  e x p r e s s io n  t o  b e  a c h ie v e d  i n  th e  
s e c o n d  s t a g e .  I f  s o ,  a s y s t e m a t ic  s tu d y  on th e  e f f e c t  o f  s p e c i f i c
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growth rate would he feasible.
3 . 5 . 2  M eth od s
3 . 5 . 2 . 1  G e n e r a l
E . c o l i  1B 373 pMG169 w as grow n and p r e p a r e d  f o r  a fe r m e n te r  in o cu lu m  
a s  b e f o r e  ( 3 . 1 . 2 . 8) .  C u lt u r e  b io m a ss  was m easu red  b y  o p t i c a l  d e n s i t y  
( 3 . 1 . 2 . 1 ) ,  medium n u t r i e n t  l e v e l s  b y  en zy m ic a s s a y  k i t s  ( 3 . 1 . 2 . 2 )  and  
v i a b l e  c o u n ts  b y  s e r i a l  d i l u t i o n  o n to  L u r ia  a g a r  p l a t e s  ( 3 . 1 . 2 . 2 ) .  
CAT a c t i v i t y  and p la s m id  DNA d e t e r m in a t io n s  w ere a l s o  p e r fo rm e d  as  
b e f o r e  ( 3 . 3 . 3 . 4  and 3 . 4 . 2 . 3 ) .
3 . 5 . 2 . 2  Two S ta g e  C o n tin u o u s  C u lt u r e  F e r m e n ta tio n
The c a rb o n  l i m i t e d  medium o f  E van s e t  a l . ( 1 9 7 2 )  ( T a b le  2 . 3 )  w as u se d  
f o r  t h e s e  e x p e r im e n ts  a s  i t  s u p p o r te d  g r e a t e r  c e l l  d e n s i t i e s  th an  
SM6 . S a m p lin g  and p r o d u c t  d e t e r m in a t io n s  w ere t h e r e f o r e  m ore l i k e l y  
t o  b e  r e l i a b l e  and a c c u r a t e .
Two 1 . 5  l i t r e  fe r m e n te r  v e s s e l s  w ere a rr a n g e d  a c c o r d in g  t o  th e  la y o u t  
i n  F ig u r e  3 . 2 2 .  S e t  up and o p e r a t in g  c o n d i t i o n s  w ere  a s  p r e v io u s ly  
d e s c r ib e d  ( 3 . 2 , 2 . 2 ) e x c e p t  t h a t  th e  f i r s t  s t a g e  o p e r a te d  a t  a f i x e d  
d i l u t i o n  r a t e  o f  0 . 2 5 / h r  and a te m p e ra tu r e  o f  3 4 ° C . Once 
e s t a b l i s h e d ,  c u l t u r e  from  t h i s  v e s s e l  was pumped t o  th e  se c o n d  v e s s e l  
i n i t i a l l y  o p e r a t in g  a t  a te m p e ra tu r e  o f  3 4 ° C . The r a t e  o f  f lo w
Figure 3.22 Diagramatical layout for two stage continuous culture.
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fro m  th e  f i r s t  v e s s e l  and th e  r a t e  o f  a d d i t i o n  o f  f r e s h  medium t o  th e  
s e c o n d  v e s s e l  w ere m a n ip u la te d  t o  m a in ta in  a s e t  d i l u t i o n  r a t e  (D ^)  
and s p e c i f i c  g ro w th  r a t e  ( p 2 ^*
D2 was v a r i e d  b e tw e e n  0 . 2 5 ,  0 . 3 3  and 0 . 5 / h r  ( s e e  e q u a t io n  1 )
D =  F + F 1 .2 12 2
V2
W here F^2 i s  th e  r a t e  o f  f lo w  from  th e  f i r s t  t o  th e  se c o n d  v e s s e l ,  
F2 i s  th e  r a t e  o f  f r e s h  medium fe e d  t o  th e  s e c o n d  v e s s e l  and  
t h e  v olu m e i n  th e  s e c o n d  v e s s e l .  Mean c e l l  r e s id e n c e  t im e  was 
c a l c u l a t e d  a s  th e  r e c i p r o c a l  o f  th e  d i l u t i o n  r a t e  ( h o u r s ) .
The g ro w th  r a t e  i n  th e  s e c o n d  s t a g e  was v a r i e d  a c c o r d in g  t o  e q u a t io n  
2.
v2 = D2 -  D12(W  2 -
( P i r t ,  1 9 7 5 )
W here D^2 i s  th e  p a r t i a l  d i l u t i o n  r a t e  in  th e  s e c o n d  s t a g e  d e f in e d  
b y  e q u a t io n  3 .
D12 = F12/V 2 3 ‘
W here x ^  and x 2 a r e  th e  c e l l  d e n s i t i e s  i n  th e  f i r s t  and se c o n d  
s t a g e s  r e s p e c t i v e l y .  A ssu m in g  t h a t  x ^  and x 2 rem ain ed
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b e tw e e n  th e  f e e d s  F12 and F2 w h i l s t  m a in t a in in g  th e  D2 c o n s t a n t  
o v e r a l l .  S te a d y  s t a t e  c o n d i t i o n s  w ere ju d g e d  t o  h a v e  commenced a f t e r  
t h r e e  c u l t u r e  v o lu m e s h ad  p a s s e d  th ro u g h  e a c h  v e s s e l  p r o v id e d  t h a t  
o b s e r v a b le  c o n d i t i o n s  su c h  a s  DOT, OD and o f f  g a s  a n a l y s i s  had
rem a in ed  c o n s t a n t .
3 . 5 . 2 . 3  P la s m id  S t a b i l i t y  D e te r m in a t io n s
I n  o r d e r  t o  en u m erate  lo w e r  l e v e l s  o f  p l a s m i d - f r e e  c e l l s  i n  th e  t o t a l
p o p u la t io n ,  an a l t e r n a t i v e  d e t e c t i o n  m ethod w as d e v e lo p e d  t o  t h a t
p r e v i o u s ly  u se d  ( 3 . 1 . 2 . 5 )  and p e r fo rm e d  i n  p a r a l l e l .  V i a b l e  c o u n ts  
w ere p r o c e s s e d  a s  b e f o r e  ( 3 . 1 . 2 . 2 )  e x c e p t  t h a t ,  i n  a d d i t i o n ,  c e r t a i n  
d i l u t i o n  p l a t e s  w ere  in c u b a te d  a t  4 2 ° C . P la s m id -c o n t a in in g  c e l l s ,  
known t o  l o s e  v i a b i l i t y  a t  4 2 ° C ,  w ere fou n d  to  b e  u n a b le  t o  form  a 
c o lo n y  a t  t h i s  in c u b a t i o n  te m p e r a tu r e . P l a s m i d - f r e e  c e l l s ,  h o w e v e r , 
c o u ld  form  a c o lo n y  a t  t h i s  te m p e r a tu r e . P l a t e s  w ere  in c u b a te d  a t  
b o t h  4 2  and 3 0 °C  f o r  2 4  h r s  a f t e r  w h ich  t h e  p r o p o r t io n  o f  
p la s m id -c o n t a in i n g  c e l l s  was c a l c u l a t e d  b y  d i v i s i o n  o f  th e  c o u n t a t  
4 2 °C  b y  t h a t  a t  3 0 °C  and e x p r e s s in g  th e  r e s u l t  a s  a p e r c e n t a g e .  
C o lo n ie s  a r i s i n g  a t  3 0 °C  w ere p r o v e n  t o  h e p la s m id -h e a r in g .  L e v e ls  
o f  p l a s m i d - f r e e  c e l l s  a s  low  a s  0 . 01% o f  th e  t o t a l  p o p u la t io n  c o u ld  
b e  d e t e c t e d  w it h  t h i s  m e th o d . V a r i a b i l i t y  was d e te r m in e d  t o  he l e s s  
th a n  + 7% and th e  f i n a l  c a l c u l a t e d  r e s u l t s  com pared fa v o u r a b ly  w ith  
th e  c o n v e n t io n a l  p l a t e  p i c k in g  te c h n iq u e  when l e v e l s  w ere w i t h in  th e  
d e t e c t i o n  ra n g e  o f  t h a t  m ethod ( g r e a t e r  th a n  4% p l a s m i d - f r e e  c e l l s ) .
relatively constant, p2 was varied by alterations in the ratio
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3 . 5 . 3 . 1  E v a lu a t io n  o f  two s t a g e  c o n t in u o u s  c u l t u r e  f o r  h igh , l e v e l  CAT 
a c c u m u la t io n  u n d er s t a b l e  c o n d i t i o n s .
E . c o l i  1B 373 pMG169 was e s t a b l i s h e d  i n  th e  f i r s t  s t a g e  o f  a two s t a g e  
c h e m o sta t  a t  a d i l u t i o n  r a t e  o f  0 . 2 4 / h r .  A te m p e r a tu r e  o f  3 4 ° C ,  
c a rb o n  l i m i t i n g  c o n d i t i o n s  and an  o p e r a t in g  volu m e o f  a p p r o x im a te ly  
lOOOmls w ere e m p lo y e d .
C u lt u r e  w as pumped a t  a f i x e d  r a t e  o f  2 6 0  m l s /h r  t o  th e  se c o n d  s t a g e  
( o p e r a t in g  volu m e a p p r o x im a te ly  lO O O m ls) t o g e t h e r  w it h  a  f r e s h  medium  
f e e d  a t  a s i m i l a r  r a t e .  An o v e r a l l  d i l u t i o n  r a t e  o f  0 . 4 9 / h r  ( 2 .0 4  h r  
mean r e s i d e n c e  t im e )  w it h  a mean se c o n d  s t a g e  g ro w th  r a t e  o f  0 .2 4 6 /h r  
w as e s t a b l i s h e d .  The te m p e r a tu r e  w as i n i t i a l l y  c o n f in e d  t o  3 4 °C  in  
th e  se c o n d  s t a g e  w h i l s t  s t e a d y  s t a t e  c o n d i t i o n s  w ere e s t a b l i s h e d .  A t  
9 0  h o u r s ,  th e  te m p e r a tu r e  in  th e  se c o n d  c h e m o sta t  was in c r e a s e d  to  
3 8 °C  i n  o r d e r  to  in d u c e  p la s m id  a m p l i f i c a t i o n  and CAT 
a c c u m u la t io n . W it h in  6 h o u r s  o f  i n d u c t i o n ,  CAT l e v e l s  h ad  re a c h e d  
6 . 8% o f  th e  t o t a l  p r o t e i n  and s t a b i l i s e d  t o  a mean v a lu e  o f  8 . 2% ( + 
0 . 7 )  f o r  th e  f o l l o w in g  1 6 8  h o u r s  (5 7  c u lt u r e  g e n e r a t i o n s ) .  The d a ta  
a r e  su m m arised  i n  F i g .  3 . 2 3 .  U n lik e  c o n v e n t i a l  s i n g l e  s t a g e  c u l t u r e ,  
m a s s iv e  o v e r g r o w th  b y  p l a s m i d - f r e e  c e l l s  d id  n o t  o c c u r  u n d er t h e s e  
c o n d i t i o n s .  G row th l i m i t i n g  s u b s t r a t e  c o n c e n t r a t io n s  rem ain ed  
u n d e t e c t a b le  i n  th e  c u l t u r e  s u p e r n a ta n t  and b io m a s s  l e v e l s  w ere  
c o n s t a n t  f o r  th e  d u r a t io n  o f  th e  e x p e r im e n t .
\
The p r o p o r t io n  o f  p l a s m i d - f r e e  c e l l s  i n  th e  s e c o n d  s t a g e  d id  
g r a d u a l ly  in c r e a s e  h ow ever w ith  t im e  from  0 .6 %  a t  th e  s t a r t  t o  5% a t
3 .5 .3  Results
h a r v e s t .  T h is  i n c r e a s e  w as m ir r o r e d  h ow ever b y  th e  in c r e a s e  i n  
p l a s m i d - f r e e  c e l l s  i n  th e  f i r s t  s t a g e  -  from  0 .0 4 %  to  0 .3 8 %  o v e r  a 
s i m i l a r  t im e  p e r i o d .  The p r o p o r t io n a l  i n c r e a s e  i n  p l a s m i d - f r e e  c e l l s  
from  th e  f i r s t  t o  th e  s e c o n d  s t a g e  rem a in ed  c o n s t a n t  a t  a f a c t o r  o f  
1 4 .3  x  ( ±  3 . 3 ) f o r  th e  d u r a t io n  o f  th e  e x p e r im e n t .
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F ig u r e  3 .2 3  The e f f e c t  o f  th e r m a l in d u c t io n  on CAT a c c u m u la t io n  and p la sm id .
s t a b i l i t y  i n  th e  s e c o n d  s t a g e  o f  a two s t a g e  c a rb o n  l i m i t e d  
c h e m o s ta t  a t  a d i l u t i o n  r a t e  o f  0 . 5 / h r  and a s p e c i f i c  grow th  
r a t e  o f  0 . 2 5 / h r .
Time (hrs)
D CAT Accumulation + Biomass(d.c.wt)
0 X Plasmid Bearing
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3 .5 .3 .2  The effect of second stage growth rate on plasmid DNA
a m p l i f i c a t i o n  and CAT a c c u m u la t io n  a t  d i f f e r e n t  mean c e l l  
r e s id e n c e  t im e s .
The e f f e c t  o f  v a r y in g  th e  g ro w th  r a t e  in  th e  s e c o n d  s t a g e  on  p la s m id  
DNA and CAT a c c u m u la t io n  w as s t u d ie d  a t  t h r e e  d i l u t i o n  r a t e s ,  0 . 5 / h r ,  
0 . 3 3 / h r  and 0 . 2 5 / h r .  T h e se  w ere e q u iv a le n t  t o  mean c e l l  r e s id e n c e  
t im e s  o f  2 ,  3 and 4  h o u r s  r e s p e c t i v e l y .  D i l u t i o n  r a t e  i n  th e  f i r s t  
s t a g e  w as k e p t  c o n s t a n t  a t  0 . 2 5 / h r  w ith  a c u l t u r e  te m p e ra tu r e  o f  
3 4 ° C .  S p e c i f i c  g ro w th  r a t e  i n  th e  se c o n d  s t a g e  w as in c r e a s e d  from  
z e r o  ( i f  p o s s i b l e )  i n  a p p r o x im a te ly  0 .0 4  -  0 . 0 5 / h r  in c r e m e n ts ,
a l lo w in g  t h r e e  c u l t u r e  v o lu m e s  t o  p a s s  th ro u g h  th e  v e s s e l  and s t a b l e  
e n v ir o m e n ta l  c o n d i t i o n s  a t  e a c h  s t e p  b e f o r e  s a m p lin g  com m enced.
The minimum g ro w th  r a t e  p o s s i b l e  a t  a d i l u t i o n  r a t e  o f  0 . 5 / h r  was 
0 . 1 4 6 / h r  due to  l i m i t a t i o n s  i n  o p e r a t in g  v o lu m e s  and f lo w  r a t e s  in
and from  th e  f i r s t  s t a g e .  N e g a t iv e  g ro w th  r a t e s  w ere  c a l c u l a t e d  f o r
th e  minimum g ro w th  r a t e s  a t  th e  3 and 4  h o u r r e s id e n c e  t im e s  b e c a u s e  
o f  a s l i g h t  d ro p  i n  th e  b io m a ss  c o n c e n t r a t i o n  i n  th e  s e c o n d  s t a g e  
( 3 . 5 . 2 . 2  f o r  c a l c u l a t i o n ) .  T em p era tu re  w as a d ju s t e d  and m a in ta in e d  
a t  3 8 °G  i n  th e  s e c o n d  s t a g e  o n ce  s t a b l e  c o n d i t i o n s  had b een
e s t a b l i s h e d  ( 3 . 5 . 3 . 1 ) .  The r e s u l t s  a re  su m m arised  i n  T a b le s  3 . 1 2 ,  
3 .1 3  and 3 . 1 4 .
G row th r a t e  s t r o n g l y  a f f e c t e d  b o t h  CAT a c c u m u la t io n  and th e  p la s m id  
DNA c o n t e n t  ( F i g .  3 . 2 4  and 3 . 2 5 ) .  A t  a p 2 o f  z e r o ,  in c r e a s e d
l e v e l s  o f  CAT w ere n o t  o b s e r v e d  a lth o u g h  p la s m id  DNA l e v e l s  w ere  
s l i g h t l y  in c r e a s e d  a t  a l l  d i l u t i o n  r a t e s  when com pared w ith  
c o n t r o l s .  W ith  i n c r e a s i n g  s p e c i f i c  g ro w th  r a t e ,  h ig h e r  DNA
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a m p l i f i c a t i o n s  and p r o t e i n  e x p r e s s io n  l e v e l s  w e re  o b s e r v e d  t o  a 
p o i n t ,  a b ov e  w h ic h , v a lu e s  p ea k ed  and d e c l i n e d .  S u r p r i s i n g l y ,  th e  
d e g r e e  o f  a m p l i f i c a t i o n  was s i g n i f i c a n t l y  lo w e r  a t  th e  3 h ou r  
r e s i d e n c e  t im e  when com pared w it h  2 and 4 h o u r s .  The d e c r e a s e  in  
e x p r e s s io n  and DNA l e v e l s  w ere fo u n d  to  c o r r e l a t e  w it h  i n c r e a s in g  
s t e a d y  s t a t e  p r o p o r t io n s  o f  p l a s m i d - f r e e  c e l l s  i n  th e  c u l t u r e  ( F i g .
3 . 2 6 ) .  D e s p i t e  l a r g e  i n c r e a s e s  in  th e  p l a s m i d - f r e e  p r o p o r t io n ,  
s t a b l e  c o n d i t i o n s  s t i l l  a p p l ie d  -  no w ash ou t o r  b io m a s s  r e d u c t io n  was 
o b s e r v e d . U nder a g iv e n  c u l t i v a t i o n  c o n d i t i o n ,  p l a s m i d - f r e e  l e v e l s  
w ere m a in ta in e d  a t  a c o n s t a n t  v a lu e  r e l a t i v e  t o  th e  c o n c e n t r a t io n  in  
th e  f i r s t  s t a g e .  G e n e r a l ly ,  o n c e  t h e s e  r o s e  10  f o l d  o r  g r e a t e r  th an  
th e  f i r s t  s t a g e ,  s i g n i f i c a n t  r e d u c t io n s  i n  th e  l e v e l s  o f  CAT 
a c c u m u la t io n  and p la s m id  DNA w ere o b s e r v e d .
The g ro w th  r a t e  a t  w h ich  p ea k  CAT e x p r e s s io n  o c c u r r e d  was fo u n d  to  
v a r y  i n v e r s e l y  w it h  th e  mean c e l l  r e s id e n c e  t im e . A t  a mean c e l l  
r e s i d e n c e  tim e  o f  2 h o u r s , p ea k  CAT a c c u m u la t io n  o c c u r r e d  a t  a 
s p e c i f i c  g ro w th  r a t e  o f  0 . 2 4 / h r ,  a t  3 h o u r s  0 . 1 4 / h r  and a t  4  h o u rs  
0 . 12 / h r .
P eak v a lu e s  f o r  CAT a c c u m u la t io n  v a r i e d  b e tw e e n  7 and 10% o f  t o t a l  
p r o t e i n  a p p a r e n t ly  in d e p e n d e n t ly  o f  d i l u t i o n  r a t e .  P eak p la s m id  DNA 
a l s o  v a r ie d  b e tw e e n  8 and 14  u n i t s .
The s p e c i f i c  p r o d u c t io n  r a t e  o f  CAT (Q^AT d r y  c e l l
w e i g h t /h r )  in c r e a s e d  w it h  i n c r e a s i n g  g ro w th  r a t e  o n ly  p e a k in g  a t  th e  
p o i n t  o f  o v e r g r o w th  b y  p l a s m i d - f r e e  c e l l s  ( F i g .  3 . 2 8 ) .  R e s id e n c e  
t im e  a lo n e  d id  n o t  a p p e a r  t o  s i g n i f i c a n t l y  a f f e c t  th e  p r o d u c t io n  r a t e  
o b s e r v e d .
The e f f i c i e n c y  o f  CAT e x p r e s s io n  (% CAT p e r  u n i t  o f  p la s m id  DNA) a ls o  
r o s e  w it h  in c r e a s i n g  s p e c i f i c  g ro w th  r a t e  b u t  a t  a r e s i d e n c e  t im e  o f
-166-
3 h o u r s ,  a p ea k  was r e a c h e d  a t  0 . 1 4 / h r  f o l lo w e d  
d e c l i n e  ( F i g .  3 . 2 7 ) .  T h e se  v a lu e s  s h o u ld  b e  
a l t e r a t i o n s  i n  th e  p la s m id -b e a r i n g  p r o p o r t io n  s i n c e  
a s s a y  w o u ld  be s i m i l a r l y  a f f e c t e d .
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b y  a su b s e q u e n t  
in d e p e n d e n t o f  
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Figure 3.24 The effect of specific growth rate on CAT accumulation at 38°C
in the second stage of a carbon limited two stage continuous
culture.
Second Stage Specific Growth Rate(/hr)
0 Mean RT = 2 hours + Mean RT = 3 hours
0 Mean RT = 4 hours
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Figure 3.25 The effect of specific growth rate on plasmid DNA content at
38° C in the second stage of a carbon limited two stage
continuous culture.
Second Stage Specific Growth Rate(/hr)
0 Mean RT = 2 hours + Mean RT -  3 hours
0 Mean RT = 4 hours
-169-
Figure 3.26 The effect of specific growth rate on the fold increase in
plasmid free cells at 38° C in the second stage of a carbon
limited two stage continuous culture.
Second Stage Specific Growth Rafe(/hr)
□ Mean RT = 2 hours + Mean RT = 3 hours
0 Mean RT = 4 hours
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Figure 3.27 The effect of specific growth rate on the efficiency of CAT
expression at 38° C in the second stage of a carbon limited two
stage continuous culture.
Second Stage Specific Growth Rate(/hr)
D Mean RT = 2 hours + Mean RT = 3 hours
0 Mean RT = 4 hours
Figure 3.28 The effect of specific growth rate on the specific production
rate of CAT fmg/g/hr)expression at 38° C in the second stage of
a carbon limited two stage continuous culture.
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3 .5 .4 . Discussion
p l a s m i d - f r e e  c e l l  o v e r g r o w th  o b s e r v e d  i n  th e  s t a n d a r d , s i n g l e  s t a g e  
c u l t u r e  ( 3 . 4 , 4 ) .  T h is  te c h n iq u e  h a s  m ore r e c e n t l y  b e e n  em p loyed  by  
o th e r  w o rk e rs  w it h  v a r y in g  d e g r e e s  o f  s u c c e s s  ( S i e g e l  and R yu , 1 9 8 6 ;  
Nam e t  a l . . 1 9 8 7 ;  S a y a d i e t  a l . .  1 9 8 7 ;  L ee e t  a l . .  1 9 8 8 ;  P ark  & Ryu, 
1 9 9 0 ) .
I n  th e  f i r s t  e x p e r im e n t , c a rb o n  l i m i t e d  c u l t u r e  w as u se d  w ith  
d i l u t i o n  r a t e s  o f  0 . 2 5 / h r  and 0 . 5 0 / h r  i n  th e  f i r s t  and se c o n d  s t a g e s  
r e s p e c t i v e l y .  A f t e r  a s t e a d y  s t a t e  w as e s t a b l i s h e d  i n  th e  p rim a ry  
and s e c o n d a r y  s t a g e s  a t  3 4 ° C , th e  te m p e ra tu r e  w as in c r e a s e d  to
3 8 °C  i n  th e  l a t t e r  fe r m e n t e r . S t a b le  h ig h  l e v e l s  o f  CAT
a c c u m u la t io n  w ere r a p i d l y  a c h ie v e d  and m a in ta in e d  a t  a v i r t u a l  
c o n s t a n t  l e v e l  f o r  a p e r io d  o f  168  h o u r s  (5 7  g e n e r a t i o n s )  -  a p o in t  
w here th e  c u l t u r e  was t e r m in a t e d . S e p a r a t io n  o f  p la s m id  DNA on
a g a r o s e  g e l s  show ed no ch a n g e s  i n  p la s m id  s i z e  i n d i c a t i n g  no g r o s s  
s t r u c t u r a l  a l t e r a t i o n s  th ro u g h o u t  th e  d u r a t io n  o f  th e  e x p e r im e n t .
The d u r a t io n  o f  th e  two s t a g e  e x p e r im e n t w as s u b s t a n t i a l l y  g r e a t e r
th a n  s i n g l e  s t a g e  c u l t u r e  ( 2 - 3  g e n e r a t io n s  i n  1 0 - 1 6  h o u r s )  and lo n g e r
th a n  t h a t  o b s e r v e d  b y  o th e r  w o rk e rs  a l s o  u s in g  two s t a g e  c u l t u r e
( S i e g e l  and R yu, 1 9 8 6 ;  S a y i d i  e t  a l . . 1 9 8 7 ;  L e e  e t  a l . .  1 9 8 8 )  who saw
p r o d u c t i v i t y  f a l l  w i t h in  4 8 - 6 0  h o u r s .  I n t e r e s t i n g l y ,  th e  te m p e ra tu r e
r e q u ir e d  f o r  c l g ^  t o  d e r e p r e s s  th e  lam bda P^ p ro m o te r  and in d u c e
p la s m id  co p y  num ber i n  t h e s e  e x p e r im e n ts  ( 3 8 ° C )  w as lo w e r  th a n  t h a t
fo u n d  t o  b e  e f f e c t i v e  f o r  th e  lam bda c I _ _ _ / P T b a s e d  r e g u l a t i o n
8 5 7  L
s y s te m  ( S i e g e l  & R yu , 1 9 8 6 ;  O k ita  e t  a l . . 1 9 8 9 )
Two stage continuous cultivation was used to overcome the
-176-
S u b s t a n t i a l  l e v e l s  o f  e x p r e s s io n  w ere o b s e r v e d  ( 7 -1 0 %  o f  t o t a l  c e l l  
p r o t e i n )  when com pared w it h  u n in d u ce d  c u l t u r e .  T h e se  w ere h o w e v e r , 
l e s s  th a n  th e  maximum l e v e l s  a c h ie v e d  i n  h a t c h  o r  s i n g l e  s t a g e  
c o n tin u o u s  c u l t u r e  e x p e r im e n t s . P resu m a b ly  t h i s  ca n  h e a t t r i b u t e d  to  
c o m p a r a t iv e ly  s h o r t  mean c e l l  r e s i d e n c e  t im e  ( i . e .  n o t  s u f f i c i e n t  
t im e  f o r  i n d u c t io n  t o  h a v e  o c c u r r e d ) .
M a s s iv e  o v e r g r o w th  b y  p l a s m i d - f r e e  c e l l s  d id  n o t  o c c u r  i n  th e  se c o n d  
s t a g e  due t o  th e  c o n t in u o u s  fe e d  o f  p la s m id -c o n t a in i n g  c e l l s  from  th e  
f i r s t  s t a g e .  I n  a d d i t i o n  th e  m a n ip u la t io n  o f  g ro w th  c o n d it i o n s  
p la y e d  a r o l e .  The new m ethod o f  c a l c u l a t i n g  th e  p l a s m i d - f r e e  c e l l  
p r o p o r t io n  i n  th e  c u l t u r e  w as e f f e c t i v e  f o r  i d e n t i f y i n g  l e v e l s  o f  
p l a s m i d - f r e e  c e l l s  t h a t  h i t h e r t o  w ou ld  h a v e  b e e n  u n d e t e c t e d .  L e v e ls  
a s  low  a s  0 .0 6 %  w ere c a l c u l a t e d  i n  th e  f i r s t  s t a g e ,  r i s i n g  hy a f i x e d  
p r o p o r t io n  (a p p r o x im a t e ly  1 4  f o l d )  i n  th e  s e c o n d  s t a g e .  The p r e s e n c e  
o f  low  l e v e l s  o f  p l a s m i d - f r e e  v a r i a n t s  a t  u n in d u c e d  te m p e r a tu r e s  
c o n fir m  e a r l i e r  p r e d i c t i o n s  ( 3 . 4 . 4 ) .  The i n c r e a s e  in  th e  p r o p o r t io n  
o f  p l a s m i d - f r e e  c e l l s  i n  th e  se c o n d  s t a g e  was m ore l i k e l y  t o  b e  th e  
r e s u l t  o f  c o m p e t i t iv e  g ro w th  o f  c e l l s  from  th e  f i r s t  s t a g e  r a t h e r  
th a n  a d d i t i o n a l  s p o n ta n e o u s  g e n e r a t io n  a f t e r  cop y  number 
a m p l i f i c a t i o n .  D e s p i t e  th e  p r o p o r t io n a l  i n c r e a s e  i n  p l a s m i d - f r e e  
c e l l s  in  th e  se c o n d  s t a g e ,  no s i g n i f i c a n t  e f f e c t  on  CAT p r o d u c t i v i t y  
w as o b s e r v e d . The l e v e l  o f  5% m easu red  a t  th e  end o f  th e  c u l t u r e  was 
p r o b a b ly  an o v e r - e s t i m a t e ,  s i n c e  no a c c o u n t w as ta k e n  o f  th e  
r e d u c t io n  i n  v i a b i l i t y  o f  c e l l s  t h a t  had p r e v i o u s ly  b e e n  n o te d  when 
grow n on a g a r  a t  3 0 °C  a f t e r  th e r m a l in d u c t io n  ( 3 . 1 . 3 . 3 ) .
The a b i l i t y  t o  m a in t a in  re c o m b in a n t p r o t e i n  e x p r e s s in g  c e l l s  in  
p r o lo n g e d , s t a b l e  c u l t u r e s  p e r m it t e d  a  c o n t r o l l e d  s t u d y  on th e  e f f e c t  
o f  a v a r i e t y  o f  p a r a m e te r s  on  p la s m id  co p y  number and p r o d u c t
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e x p r e s s io n .  P a r a m e te r s  su c h  a s  i n c u b a t io n  t e m p e r a tu r e , s u b s t r a t e  
ty p e  o r  l i m i t a t i o n ,  medium pH o r  DOT, in d u c e r s  and r e p r e s s o r s  c o u ld  
a l l  b e  e v a lu a te d  in d e p e n d e n t ly  o f  e a c h  o t h e r .  A p r e r e q u i s i t e  o f  su ch  
a s t u d y  w ou ld  b e  a b a s i c  i n v e s t i g a t i o n  o f  th e  e f f e c t  o f  g ro w th  r a t e  
and mean c e l l  r e s i d e n c e  t im e  (D 2 ) i n  th e  s e c o n d  s t a g e .
A s tu d y  w as t h e r e f o r e  p r o g r e s s e d  i n  w h ich  a l l  p a r a m e te r s  w ere k e p t  
c o n s t a n t  e x c e p t  f o r  th e  s p e c i f i c  g ro w th  r a t e  i n  th e  se c o n d  s t a g e .  A 
r e l a t i o n s h i p  b e tw e e n  p 2 , co p y  number and CAT e x p r e s s io n  was 
e s t a b l i s h e d  a t  t h r e e  a l t e r n a t i v e  d i l u t i o n  r a t e s  -  e q u i v a le n t  to  mean 
c e l l  r e s id e n c e  t im e s  o f  2 ,  3 and 4  h o u r s .
The r e s u l t s  show ed t h a t ,  w ith  i n c r e a s i n g  g ro w th  r a t e  a t  a c o n s t a n t
o v e r a l l  d i l u t i o n  r a t e ,  CAT a c c u m u la t io n  in c r e a s e d  s u b s t a n t i a l l y  ( F i g .
3 . 2 4 ) .  A t  low  o r  z e r o  g ro w th  r a t e s ,  v i r t u a l l y  no CAT a m p l i f i c a t i o n
o v e r  th e  u n in d u c e d  s t a g e s  w as o b s e r v e d , d e s p i t e  th e  h ig h e r
t e m p e r a tu r e . A t  h ig h e r  r a t e s ,  CAT a c c u m u la t io n  i n c r e a s e d ,  p ea k ed  and
th e n  d r o p p e d . The f a l l  was a t t r i b u t a b l e  t o  i n c r e a s e d  l e v e l s  o f
p l a s m i d - f r e e  c e l l  o v e r g r o w th  ( F i g .  3 , 2 6 ) .  The p r o p o r t io n a l  in c r e a s e
i n  p l a s m i d - f r e e  c e l l s  from  th e  f i r s t  s t a g e  w as s m a l l  up t o  th e  p ea k
o f  CAT a c c u m u la t io n  and th e n  r o s e  d r a m a t i c a l l y .  T h e se  d a ta  i n d i c a t e
t h a t  th e  p r o d u c t  e x p r e s s in g ,  p la s m id -c o n t a in i n g  c e l l s  u n d er th o s e
s p e c i f i c  c o n d i t i o n s  re a c h e d  a  maximum a c h ie v a b le  g ro w th  r a t e
(p  ) a b o v e  w h ich  th e y  f a i l e d  to  com p ete s u c c e s s f u l l y  w ith  2 max
p l a s m i d - f r e e  c e l l s .  A t  t h a t  p o in t  th e  p l a s m i d - f r e e  c e l l s  assum ed a 
g r e a t e r  f i x e d  p r o p o r t io n  o f  th e  c u l t u r e  p o p u la t i o n .  T h e se  d a ta  
c o n t r a s t  w it h  t h a t  o f  L ee  e t  a l . ( 1 9 8 8 ) ,  who fo u n d  no su c h  o v e rg ro w th  
b y  p l a s m i d - f r e e  c e l l s  i n  t h e i r  s y s te m . One p o t e n t i a l  r e a s o n  may be  
t h a t  th e y  d id  n o t  i n v e s t i g a t e  su c h  h ig h  g ro w th  r a t e s  r e l a t i v e  t o  th e
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P e rh a p s n o t  s u r p r i s i n g l y  when c o n s id e r in g  p r e v io u s  h a tc h  r e s u l t s
w h ere s p e c i f i c  g ro w th  r a t e  p r o g r e s s i v e l y  f e l l  w i t h  t im e  a f t e r
in d u c t io n  ( 3 . 3 . 3 . 3 ) ,  th e  p 0 f o r  p la s m id -b e a r in g  c e l l s  f e l l& max
w it h  i n c r e a s i n g  mean c e l l  r e s id e n c e  tim e  a t  th e  h ig h e r  te m p e r a tu r e , 
fro m  0 . 2 4 / h r  t o  0 . 1 2 / h r .
S u r p r i s i n g l y  h o w e v e r , th e  u l t i m a t e  CAT a c c u m u la t io n  l e v e l ,  a t
\xn , d id  n o t  r i s e  w it h  in c r e a s e d  r e s id e n c e  t im e . T h is  r 2 m ax9
i n d i c a t e d  t h a t  th e  h ig h e r  g ro w th  r a t e s  a c h ie v a b le  a t  th e  h ig h e r  
d i l u t i o n  r a t e s  p r o b a b ly  had a s t r o n g e r  i n f lu e n c e  th a n  r e s id e n c e  
t im e . T h is  e f f e c t  w as m ore c l e a r l y  d e m o n s tr a te d  b y  th e  s p e c i f i c  
p r o d u c t io n  r a t e  ( F i g .  3 . 2 8 ) .  S econ d  s t a g e  s p e c i f i c  g ro w th  r a t e  i s  
show n t o  e x e r t  a  g r e a t e r  e f f e c t  on CAT e x p r e s s io n  th a n  r e s i d e n c e  
t im e . The d i l u t i o n  r a t e  s im p ly  i n f lu e n c e d  th e  maximum a c h ie v a b le  
g ro w th  r a t e  b e f o r e  o v e r g r o w th  b y  p l a s m i d - f r e e  c e l l  o c c u r e d . T h is
d a ta  c o n t r a s t s  w it h  t h a t  o b s e r v e d  w it h  e x p r e s s io n  from  th e  
c o n s t i t u t i v e l y  h ig h  co p y  number p P L c 2 3 tr p A l p la s m id , w h ere r e s id e n c e  
t im e  g r e a t l y  i n f lu e n c e d  p r o d u c t  e x p r e s s io n  (P a rk  & R yu , 1 9 9 0 ) .
The p o w e r fu l  c o n t r o l  o f  CAT a c c u m u la t io n  b y  g ro w th  r a t e  p r o b a b ly  a ls o  
e x p la i n s  th e  lo w e r  l e v e l s  o f  e x p r e s s io n  o b s e r v e d  when com pared w ith  
b a t c h  c u l t u r e .  I n  t h e s e  e x p e r im e n t s , g ro w th  r a t e  i n  th e  s e c o n d  s t a g e  
was l i m i t e d  t o  a maximum o f  0 . 2 4 / h r  -  a p p r o x im a te ly  h a l f  t h a t  
i n i t i a l l y  o b s e r v e d  i n  b a t c h  c u l t u r e  a f t e r  in d u c t io n  ( 3 . 3 . 3 . 3 ) .  I t  
w ou ld  t h e r e f o r e  h e i n t e r e s t i n g  t o  m o d ify  th e  maximum s p e c i f i c  g ro w th  
r a t e  b y  c h a n g in g  th e  s u b s t r a t e  t o  g l y c e r o l  o r  t o  co m p le x  n i t r o g e n
s o u r c e s  su c h  a s  y e a s t  e x t r a c t  o r  t r y p t o n e s  ( i n c r e a s e ) ,  and o b s e r v e
th e  e f f e c t  on  b o t h  max and th e  maximum l e v e l  o f  a cc u m u la te d  
CAT i n  th e  s e c o n d  s t a g e .
overall dilution rate in the second stage.
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I n  s i n g l e  s t a g e  c u l t u r e ,  u n d er  r e p r e s s i n g  c o n d i t i o n s ,  th e  p la s m id  D M  
c o n t e n t  w as fo u n d  t o  b e  in d e p e n d e n t o f  g ro w th  r a t e .  I n  th e  se c o n d  
s t a g e  a t  3 8 °C  h o w e v e r , p la s m id  D M  c o n te n t  i n c r e a s e d  s u b s t a n t i a l l y  
w it h  g ro w th  r a t e ,  u n t i l  th e  c e l l s  w ere o verg row n  b y  p l a s m i d - f r e e  
v a r i a n t s .  T h is  d i f f e r e n c e  m ust r e f l e c t  a fu n d a m e n ta l d i f f e r e n c e  
b e tw e e n  th e  low  and h ig h  co p y  number o r i g i n s  (p S C lO l and p A T 1 5 3 ) ,  
i n d i c a t i n g  p e rh a p s  t h a t  e i t h e r  th e  lam bda PK/ c I 8 5 7 , 
p r o m o t e r /r e p r e s s o r  a c t i v i t y  o r  D M  r e p l i c a t i o n  fro m  th e  pAT153  
o r i g i n  may b e  g ro w th  r a t e  r e g u l a t e d .  I t  i s  u n c le a r  why th e  D M  
a m p l i f i c a t i o n  was l e s s  p ro n o u n c ed  a t  th e  3 h o u r  r e s i d e n c e  tim e  when 
com pared t o  2 and 4  h o u r s . A s w it h  CAT e x p r e s s i o n ,  no d i r e c t  
r e l a t i o n s h i p  w it h  r e s id e n c e  tim e  w as o b s e r v e d  ( F i g .  3 . 2 5 ) .
The maximum d e g r e e  o f  p la s m id  D M  a m p l i f i c a t i o n  in  t h e  se c o n d  s t a g e  
w as c o n s id e r a b ly  lo w e r  th a n  t h a t  fo u n d  in  c o n v e n t i o n a l  b a t c h  c u l t u r e  
( 1 4  x  com pared w it h  3 0  x )  (W r ig h t  e t  a l . .  1 9 8 6 )  p r e su m a b ly  b e c a u s e  o f  
g ro w th  r a t e  l i m i t a t i o n  a s  d e s c r i b e d  f o r  CAT a c c u m u la t io n .
T h e se  r e s u l t s  c o n t r a s t  w it h  th e  o n ly  o th e r  p u b lis h e d  l i t e r a t u r e .  In  
t h o s e  s t u d i e s ,  th e  fo rm e r  a t  a r e s id e n c e  tim e  o f  3 h o u r s ,  b o th  cop y  
number and p r o d u c t  e x p r e s s io n  f e l l  w ith  i n c r e a s i n g  g ro w th  r a t e  (Nam 
e t  a l . .  1 9 8 7 ;  L ee  e t  a l . .  1 9 8 8 ) .  The d i f f e r e n c e s  may b e  due t o  th e
ty p e  o f  v e c t o r  t h a t  was u t i l i s e d  i n  t h e s e  s t u d i e s  -  c o n s t i t u t i v e l y
h ig h  co p y  number p la s m id s  (pCR T185 and p P L c 2 3 - t r p A l ) . I n  th e  fo rm e r
c a s e  tr y p to p h a n  e x p r e s s io n  was r e g u la t e d  b y  a te m p e r a tu r e  s e n s i t i t v e  
trp R  r e p r e s s o r  p r o t e i n  lo c a t e d  on  th e  chrom osom e, w h i le  p P L c 2 3 -tr p A l  
u s e d  th e  lam bda PL p ro m o te r  t o  r e g u la t e  e x p r e s s io n .
I n t e r e s t i n g l y ,  t h e i r  r e s u l t s  on th e  e f f i c i e n c y  o f  trip top h an  and t r p  A 
p r o t e i n  e x p r e s s io n  w ere s i m i l a r  to  t h o s e  on  CAT e x p r e s s io n  (%
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p r o t e i n /u n i t  p la s m id  DNA) from  th e  d u a l o r i g i n  v e c t o r  ( F i g .  3 . 1 8 ,
3 . 2 7 ) .  A g e n e r a l  r i s e  i n  e x p r e s s io n  e f f i c i e n c y  w as o b s e r v e d  w ith  
i n c r e a s i n g  g ro w th  r a t e ,  p r e su m a b ly  a s  a r e s u l t  o f  a g r e a t e r  p r o t e in  
b i o s y n t h e t i c  c a p a c i t y  o r  th e  r e a s o n s  p r e v i o u s ly  d e s c r i b e d  ( 3 . 4 . 4 ) .
C o n c lu s io n s
Two s t a g e  c o n t in u o u s  c u l t i v a t i o n  s t a b i l i s e s  p r o d u c t  e x p r e s s io n  and  
p la s m id  m a in te n a n c e  o f  E . c o l i  c e l l s  tr a n s fo r m e d  w it h  th e  d u a l o r i g i n  
v e c t o r .  A s y s t e m a t ic  s tu d y  o f  p h y s i o l o g i c a l  p a r a m e te r s  a f f e c t i n g  
r e c o m b in a n t p r o t e i n  e x p r e s s io n  was th e n  p r o g r e s s e d . An i n i t i a l  s tu d y  
on  th e  e f f e c t  o f  g ro w th  r a t e  and d i l u t i o n  r a t e  on  CAT e x p r e s s io n  
d e m o n s tr a te d  th e  r e g u l a t i n g  e f f e c t  o f  th e  fo r m e r . The te c h n iq u e  
r e l i e d  upon c a r e f u l  c o n t r o l  o f  c o n d it i o n s  i n  th e  s e c o n d  s t a g e  to
p r e v e n t  o v e r g r o w th  and on th e  s t a b i l i t y  o f  t h e  p la s m id  i n  th e  f i r s t
( i e .  u n in d u c e d ) s t a g e .  B e c a u se  o f  t h i s ,  and t o  u n d e r s ta n d  th e  
m echanism  f o r  th e  s l i g h t  i n s t a b i l i t y  a lr e a d y  o b s e r v e d , f u r t h e r  
s t u d i e s  w ere u n d e r ta k e n  u n d er p r o d u c t  r e p r e s s i n g  c o n d i t i o n s .  The
r e s u l t s  a r e  d e s c r ib e d  i n  S e c t i o n  3 . 6 .
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Summary
The d u a l o r i g i n  p la s m id  (pM G 169) c a p a b le  o f  e x p r e s s in g  
c h lo r a m p h e n ic o l  a c e t y l t r a n s f e r a s e  (GAT) a t  h ig h  l e v e l s ,  w as fou n d  to  
b e  u n s t a b le  u n d er c o n d i t i o n s  o f  ca rb o n  l i m i t e d  c o n t in u o u s  c u l t u r e .  
P l a s m id - f r e e  c e l l s  r o s e  to  4% o f  th e  t o t a l  p o p u la t io n  o v e r  a p e r io d  
o f  1 3 0  g e n e r a t i o n s .  D e s p i t e  s u b s t a n t i a l  r e p r e s s i o n  o f  p r o d u c t  
s y n t h e s i s  a t  3 4 ° C , th e  p r o p o r t io n  o f  p l a s m i d - f r e e  c e l l s  in c r e a s e d  
e x p o n e n t i a l l y  w i t h in  th e  c u l t u r e .  T h is  i n d i c a t e d  t h a t  p la s m id  
c o n t a i n in g  c e l l s  e x i s t e d  a t  a c o m p e t it iv e  g ro w th  d is a d v a n t a g e  to  
p l a s m i d - f r e e  c e l l s  and w ere c o n s e q u e n t ly  overg row n  d u r in g  p r o lo n g e d  
c o n t in u o u s  c u l t i v a t i o n .
T r a n s i t o r y  i n c r e a s e s  i n  th e  p la s m id -c o n t a in i n g  p r o p o r t io n s  w ere  
o b s e r v e d  and a t t r i b u t e d  t o  th e  s e l e c t i o n  o f  a m u ta n t E . c o l i  s t r a i n  
(b e a r i n g  th e  pMG169 p la s m id )  t h a t  p o s s e s s e d  th e  a b i l i t y  t o  o v erg ro w  
th e  o r i g i n a l  p o p u la t io n .  The m u tan t s t r a i n  w as i d e n t i c a l  t o  E . c o l i  
1B 373 in  b a c t e r i a l  i d e n t i f i c a t i o n  t e s t s  b u t  was d i s t i n g u i s h e d  by  
en h an ced  e x p r e s s io n  o f  a 37K  m o le c u la r  w e ig h t  p r o t e i n  ( a s  v i s u a l i s e d  
b y  p o ly a c r y la m id e  g e l  e l e c t r o p h o r e s i s ) .
A l t e r a t i o n s  i n  d i l u t i o n  r a t e  t h a t  in c r e a s e d  o r  re d u c e d  GAT e x p r e s s io n  
d i r e c t l y  a f f e c t e d  th e  r a t e  o f  p l a s m i d - f r e e  c e l l  o v e r g r o w th . A tte m p ts  
t o  r e p r e s s  CAT e x p r e s s io n  b y  th e  a d d i t i o n  o f  t r y p to p h a n  t o  th e  
c u l t u r e  medium s u r p r i s i n g l y  en h an ced  b o th  e x p r e s s io n  and i n s t a b i l i t y  
c o n s id e r a b ly .
3.6 A study on the stability  of dual origin based plasmids in continuous
culture
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B o th  th e  p a r e n t a l  v e c t o r  (pM G 171) and a v e c t o r  i n  w h ich  CAT 
e x p r e s s io n  was b lo c k e d  b y  th e  i n s e r t i o n  o f  th e  g e n e  i n  th e  i n c o r r e c t  
o r i e n t a t i o n  (pM G 196) w ere fu n d a m e n ta lly  m ore s t a b l e  th a n  pMG169 and 
d is p la y e d  c o m p le t e ly  d i f f e r e n t  p la s m id  l o s s  k i n e t i c s .  An e x p o n e n t ia l  
d e c r e a s e  i n  th e  p r o p o r t io n  o f  th e  p o p u la t io n  h e a r in g  t h e s e  p la s m id s  
w as o b s e r v e d  i n d i c a t i n g  t h a t  th e  p r im a r y  c a u se  o f  l o s s  was f a i l u r e  in  
s e g r e g a t io n  a t  c e l l  d i v i s i o n ,  r a t h e r  th a n  o v e r g r o w th  h y  p l a s m i d - f r e e  
c e l l s .
3 . 6 . 1  I n t r o d u c t io n
S t a b le  h ig h  l e v e l  e x p r e s s io n  o f  re c o m b in a n t p r o t e i n  b y  E . c o l i  i n  th e  
se c o n d  s t a g e  o f  a two s t a g e  c h e m o s ta t  was a c h ie v e d  b y  th e  c o n tin u o u s  
s u p p ly  o f  p la s m id -b e a r in g  c e l l s  from  th e  f i r s t  s t a g e  and b y  c a r e f u l  
m a n ip u la t io n  o f  g ro w th  c o n d i t i o n s .  The s t a b i l i t y  o f  th e  v e c t o r  in  
th e  r e p r e s s e d  s t a t e  w as t h e r e f o r e  c r u c i a l  t o  t h e  r e s u l t s  p r e v i o u s ly  
a t t a i n e d  ( 3 . 5 ) .  The p r o p o r t io n  o f  p l a s m i d - f r e e  c e l l s  w ere fo u n d  to  
i n c r e a s e  o v e r  th e  d u r a t io n  o f  th e  e x p e r im e n t ( 3 . 5 . 3 . 1 )  a lth o u g h  n e v e r  
t o  th e  e x t e n t  t h a t  p r o d u c t i v i t y  was s e r i o u s l y  e f f e c t e d .
P la s m id  i n s t a b i l i t y  i n  E . c o l i  h a s  b e e n  shown t o  b e  a f f e c t e d  h y  two 
m a jo r  m ech an ism s -  s e g r e g a t i o n a l  i n s t a b i l i t y  and th e  r a t e  o f  
o v e r g r o w th  b y  p l a s m i d - f r e e  v a r i a n t s  (K im  & R yu , 1 9 8 4 ;  C oop er e t  a l . .  
1 9 8 7 ;  N oack  e t  a l . .  1 9 8 4 ;  E n s le y ,  1 9 8 5 ) .
S e g r e g a t io n a l  i n s t a b i l i t y  i s  a s s o c i a t e d  w ith  th e  f a i l u r e  o f  d a u g h te r  
c e l l s  t o  r e c e i v e  th e  p la s m id  a t  c e l l  d i v i s i o n .  T h is  may b e  due to  
t h e  d e f i c i e n c y  ( o r  i n e f f i c i e n c y )  o f  m ech an ism s s u c h  a s  p a r  (Skogm an
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e t  a l . ,  1 9 8 3 )  to  e n s u r e  s e g r e g a t i o n a l  f i d e l i t y .  The c e l l  m ust  
t h e r e f o r e  r e l y  upon random d i s t r i b u t i o n  o f  p la s m id s  a t  c e l l  d i v i s i o n  
(M eacock  & C oh en , 1 9 8 0 )  t o  r e t a i n  p la s m id  m a in te n a n c e . S t r u c t u r a l  
re a rra n g e m e n t o f  th e  p la s m id  i t s e l f ,  e i t h e r  a f f e c t i n g  r e p l i c a t i o n  o r  
co p y  num ber (N u g en t e t  a l . r 1 9 8 3 ) ,  may a l s o  r e s u l t  i n  s e g r e g a t i o n a l  
i n s t a b i l i t y .
O v ergro w th  b y  p l a s m i d - f r e e  c e l l s  ( o r  c e l l s  no lo n g e r  e x p r e s s in g  th e  
g e n e s  o f  i n t e r e s t )  h a s  b e e n  shown t o  b e  th e  s e c o n d  m a jo r  v a r i a b l e  
a f f e c t i n g  E . c o l i  p la s m id  s t a b i l i t y .  I n i t i a l l y  o c c u r r in g  a s  a r e s u l t  
o f  some fo rm  o f  s e g r e g a t i o n a l  o r  s t r u c t u r a l  i n s t a b i l i t y ,  th e  v a r i a n t s  
p o s s e s  a g ro w th  r a t e  a d v a n ta g e  o v e r  th e  o r i g i n a l  c e l l s .  T h is  may be  
a c o n se q u e n c e  o f  re d u c e d  m e t a b o l ic  b u rd en  o f  a d d i t i o n a l  DNA o r  
p r o t e i n  s y n t h e s i s  (N u g en t e t  a l . . 1 9 8 3 ;  E n s le y ,  1 9 8 5 ) .
A m ethod o f  e a s i l y  d i s t i n g u i s h i n g  b etw een  th e  two c a u s e s  o f  p la s m id  
i n s t a b i l i t y  i n  c o n t in u o u s  c u l t u r e  h a s  b e e n  d e v is e d  (C o o p e r  e t  a l . .  
1 9 8 7 ;  N oack  e t  a l . . 1 9 8 4 ) .  S e g r e g a t io n a l  p la s m id  l o s s  w as a s s o c i a t e d  
w ith  an e x p o n e n t ia l  d ro p  i n  t h e  p la s m id -b e a r in g  p o p u la t io n ,  w h ile  
o v e r g r o w th  b y  p l a s m i d - f r e e  v a r i a n t s  was i n d i c a t e d  b y  t h e i r  
e x p o n e n t ia l  i n c r e a s e  i n  th e  c u l t u r e .  R a te s  o f  l o s s  c o u ld  be  
q u a n t i t a t e d  by  s im p le  m easu rem ent o f  th e  s l o p e  o f  th e  l i n e  on a 
s e m i - lo g a r i t h m i c  p l o t .
D u al o r i g i n  v e c t o r s  a r e  r e l a t i v e l y  s t a b l e  d u r in g  p r o lo n g e d  c u lt u r e  
( C a u l c o t t  e t  a l . . 1 9 8 5 ) .  T h ey p o s s e s s  e le m e n ts  t o  r e d u c e  s e g r e g a t i o n a l  
i n s t a b i l i t y  ( p a r + )  and t o  l i m i t  o v e r g r o w th  b y  p l a s m i d - f r e e  c e l l s  
( r e p r e s s i o n  o f  CAT e x p r e s s io n  b y  th e  t r p  p ro m o te r  and low  copy  
num ber) ( S e c t i o n  3 . 4 ;  C a u lc o t t  e t  a l . .  1 9 8 5 ) .  T h is  s e c t i o n ,  h o w e v e r ,
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i n v e s t i g a t e s  b o th  th e  c a u s e  o f  th e  s l i g h t  i n s t a b i l i t y  o b s e r v e d  in  
c h e m o s ta t  c u l t u r e  and m ech an ism s f o r  i t s  f u r t h e r  r e d u c t i o n .
3 . 6 . 2  M eth ods
3 . 6 . 2 . 1  G e n e r a l
A l l  E . c o l i  1B 373 s t r a i n s  w ere  grow n and p r e p a r e d  f o r  fe r m e n te r  
in o c u lu m  a s  b e f o r e  ( 3 . 1 . 2 . 8 ) .  I n  a d d i t i o n  t o  1B 373  pM G169, th e
p la s m id s  pMG171 and pMG196 w ere a l s o  u s e d . The p la s m id  pMG196 w as a 
v a r i a n t  o f  pMG169 w here th e  CAT g en e  h ad  b e e n  i n s e r t e d  i n  th e  
o p p o s i t e  o r i e n t a t i o n .  T r a n s c r i p t i o n  and t r a n s l a t i o n  from  th e  g en e  
was e f f e c t i v e l y  b lo c k e d  w h i l s t  re m a in in g  u n a f f e c t e d  i n  te rm s o f  cop y  
num ber a m p l i f i c a t i o n  and p - la c t a m  a n t i b i o t i c  r e s i s t a n c e .
C u lt u r e  b io m a s s  w as m easu red  b y  o p t i c a l  d e n s i t y  ( 3 . 1 . 2 . 1 ) ,  medium  
n u t r i e n t  l e v e l s  b y  en zy m ic  a s s a y  k i t  ( 3 . 1 . 2 , 3 ) and v i a b l e  c e l l  c o u n ts  
b y  s e r i a l  d i l u t i o n  o n to  L u r ia  a g a r  p l a t e s  ( 3 . 1 . 2 . 2 ) .  CAT a c t i v i t y  
m easu rem en ts ( 3 . 3 . 2 . 4 )  and b a c t e r i a l  i d e n t i f i c a t i o n  m eth od s ( 2 . 8 )  
w e re  a s  p r e v i o u s ly  d e s c r i b e d .
3 . 6 . 2 . 2  C o n tin u o u s  C u lt u r e  F e r m e n ta t io n
C h e m o sta t ru n s w ere p e r fo r m e d  t o  a s i m i l a r  m e th o d o lo g y  a s  th e  f i r s t  
s t a g e  o f  a two s t a g e  c u l t u r e  ( 3 . 5 . 2 . 2 ) .  D i l u t i o n  r a t e  was v a r i e d  
o v e r  th e  ra n g e  0 .0 9 7  to  0 . 3 5 8 / h r .  T r y p to p h a n , when u s e d , was added  
to  th e  medium r e s e r v o i r  a t  a f i n a l  c o n c e n t r a t i o n  o f  2 0 0 m g /L .  
T ry p to p h a n  was s o l u b i l i s e d  i n  0 .1 M  NaOH a s  a c o n c e n t r a t e  and  
s t e r i l i s e d  b y  f i l t r a t i o n .
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3 .6 .2 .3  Plasmid Stability Determinations
V a lu e s  w ere  a s  p r e v i o u s ly  c a l c u l a t e d  ( 3 . 5 . 2 . 3 ) .  N o n -p r o d u c t  
e x p r e s s in g ,  y e t  p la s m id -c o n t a in i n g  c e l l s  (pM G171 and pMG196) w ere  
a b le  to  form  a c o lo n y  on L u r ia  a g a r  p l a t e s  a t  4 2 °G  a lth o u g h  n o t  
w i t h in  th e  same tim e  p e r io d  a s  p l a s m i d - f r e e  c e l l s  ( 2 4  h o u r s ) .  P l a t e s  
w ere  t h e r e f o r e  a lw a y s  r e a d  b e tw e e n  18 and 2 4  h o u r s  t o  m a x im ise  t h i s  
d i f f e r e n t i a l .
3 . 6 . 2 . 4  C e l l  F r a c t i o n a t i o n
E . c o l i  h om o g e n a te s  w ere made and f r a c t i o n a t e d  a c c o r d in g  t o  th e  m ethod  
o f  Shoem aker e t  a l . . ( 1 9 8 5 )  i n t o  s o l u b l e  and i n s o l u b l e  p o r t i o n s .
3 . 6 . 3  R e s u l t s
3 . 6 . 3 . 1  D u al o r i g i n  p la s m id  i n s t a b i l i t y  in  c o n t in u o u s  c u l t u r e
1B 373 pMG169 was e s t a b l i s h e d  i n  a one l i t r e  c a rb o n  l i m i t e d  c o n tin u o u s  
c u l t u r e  s e t  t o  a d i l u t i o n  r a t e  o f  0 . 2 5 / h r  and a  te m p e ra tu r e  o f  
3 4 ° C . T h ree  c u l t u r e  volu m e th r o u g h p u ts  w ere c a r r i e d  o u t  w h i l s t  
p a r a m e te r s  su c h  a s  o p t i c a l  d e n s i t y ,  OD, and o f f  g a s  a n a l y s i s  w ere  
c o n s t a n t ,  t o  e n su r e  a s t e a d y  s t a t e  b e f o r e  s a m p lin g .
U s in g  th e  m o d i f ie d  p la s m id  s t a b i l i t y  a s s a y ,  p l a s m i d - f r e e  v a r i a n t s  
w ere o b s e r v e d  a t  th e  b e g in n in g  o f  th e  e x p e r im e n t a t  a fr e q u e n c y  as  
low  a s  0 .1 3 % .  T h is  r o s e ,  h o w e v e r , t o  a p p r o x im a te ly  4% o f  th e  t o t a l  
o v e r  th e  f o l l o w i n g  1 3 0  g e n e r a t i o n s .  The p l a s m i d - f r e e  c e l l s  w ere
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fo u n d  t o  b e  a m p i c i l l i n  s e n s i t i v e  and g a v e  an i d e n t i c a l  p r o f i l e  t o  
1B 373 pMG169 b y  b a c t e r i a l  i d e n t i f i c a t i o n  s t r i p s .  F ig u r e  3 .2 9  show s  
th e  p l a s m i d - f r e e  ( a )  and p la s m id -b e a r in g  ( b )  p r o p o r t io n s  on a 
s e m i - l o g  p l o t  a g a in s t  g e n e r a t io n  num ber. The r i s e  i n  p l a s m i d - f r e e  
c e l l s  was shown t o  b e  e x p o n e n t i a l ,  in  t h i s  c a s e  a t  a r a t e  o f  
0 .0 3 0 5 /g e n e r a t i o n .  An e x p o n e n t ia l  d e c r e a s e  i n  p la s m id -b e a r i n g  c e l l s  
was n o t  o b s e r v e d . CAT e x p r e s s io n  i n  c e l l s  p e r i o d i c a l l y  w ith d raw n  
from  th e  fe r m e n te r  w as fo u n d  i n  t h i s  e x p e r im e n t t o  g iv e  an a v e r a g e  o f  
0 . 6% o f  th e  s o l u b l e  e x t r a c t e d  p r o t e i n .
In  t h i s  and many s u b s e q u e n t  e x p e r im e n ts , a t r a n s i e n t  i n c r e a s e  in  th e  
p la s m id -b e a r in g  p o p u la t io n  was o b s e r v e d  d u r in g  th e  e a r ly  s t a g e s  o f  
th e  f e r m e n t a t i o n . T h is  e v e n t  c o in c id e d  w it h  th e  a p p e a ra n c e  o f  an  
a d d i t i o n a l  p r o t e i n  band i n  t o t a l  c e l l  h om og en a te s when v ie w e d  by  
SDS-PAGE. T h is  b a n d , m ig r a t in g  a t  a m o le c u la r  w e ig h t  o f  
a p p r o x im a te ly  37  k d , c o n s t i t u t e d  b etw e e n  4 -7 %  o f  t o t a l  c e l l  p r o t e in  
(Brow n e t  a l . . 1 9 8 6 ) .
C e l l  f r a c t i o n a t i o n  i n t o  s o l u b l e  and i n s o l u b le  p o r t i o n s  d e m o n str a te d  
t h a t  th e  p r o t e i n  was p r e s e n t  in  th e  s o lu b l e  f r a c t i o n .  P la s m id - f r e e  
c e l l  i s o l a t e s  from  th e  end o f  th e  fe r m e n t a t i o n , when grow n i n  s im p le  
b a t c h  sh a k e  f l a s k  c u l t u r e ,  a l s o  show ed h ig h  l e v e l  a c c u m u la t io n  o f  
t h i s  p r o t e i n  i n d i c a t i n g  t h a t  e x p r e s s io n  was c h ro m o so m a lly  l i n k e d .  
C om p arison s i n  b a tc h  sh ak e  f l a s k  c u l t u r e  b e tw e e n  th e  o r i g i n a l  c e l l s  
(1 B 3 7 3  pMG169) and p la s m id -b e a r in g  i s o l a t e s  shown t o  b e  e x p r e s s in g  
th e  37  kd p r o t e i n ,  d e m o n str a te d  no d i s c e r n a b le  d i f f e r e n c e s  in  
s p e c i f i c  g ro w th  r a t e  o r  b io m a ss  y i e l d .
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Figure 3.29 E .coli 1B373 PMG169 plasmid instability at 35 C in carbon
limited continuous culture at a dilution rate of 0.25/hr.
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3 . 6 . 3 . 2  E f f e c t  o f  d i l u t i o n  r a t e  on  CAT e x p r e s s io n  and p la s m id  
s t a b i l i t y
E . c o l i  1B 373 pMG169 w as c u l t i v a t e d  in  c a rb o n  l i m i t e d  c u l t u r e  a t  a 
v a r i e t y  o f  d i l u t i o n  r a t e s  i n  o r d e r  t o  o b s e r v e  th e  e f f e c t  on CAT 
a c c u m u la t io n  and th e  s u b s e q u e n t  s t a b i l i t y  o f  th e  v e c t o r .  The  
d i l u t i o n  r a t e  w as v a r i e d  b e tw e e n  0 . 1 / h r  and 0 . 3 5 / h r  w h i l s t  
m a in t a in in g  a c o n s t a n t  te m p e ra tu r e  o f  3 4 ° C .
The f r a c t i o n s  o f  b o t h  th e  p l a s m i d - f r e e  and p la s m id -b e a r in g  p o p u la t io n  
w ere p l o t t e d  on a s e m i - l o g  a x i s  a g a in s t  c u l t u r e  g e n e r a t io n  num ber. 
S t r a i g h t  l i n e  r e l a t i o n s h i p s  w ere so u g h t  in  o r d e r  t o  c a t e g o r i s e  th e  
i n s t a b i l i t y  (C o o p e r  e t  a l . .  1 9 8 7 ) .  An e x p o n e n t ia l  i n c r e a s e  i n  th e  
p l a s m i d - f r e e  p r o p o r t io n  w as e q u a te d  w it h  ’ o v e r g r o w th ' i n s t a b i l i t y .  
The d e g r e e  o f  i n s t a b i l i t y  was m easu red  hy th e  s l o p e  o f  th e  l i n e  
( d p ) .  U s in g  th e  same d a t a ,  a v a lu e  f o r  th e  s e g r e g a t i o n  r a t e  (R ) -  
th e  r a t e  o f  c o n v e r s io n  o f  p la s m id -b e a r in g  t o  p l a s m i d - f r e e  c e l l s  -  
c o u ld  h e c a l c u l a t e d  u s in g  v a lu e s  g e n e r a te d  from  r e g r e s s i o n  a n a l y s i s  
( s l o p e  and i n t e r c e p t )  and e q u a t io n  1 (C o o p e r  e t  a l . . 1 9 8 7 ) .
R =  m (e c -  P _Q) 1 .
w here P ^ was th e  p r o p o r t io n  o f  p l a s m i d - f r e e  c e l l s  p r e s e n t  a t  th e  
b e g in n in g  o f  th e  e x p e r im e n t , c was th e  i n t e r c e p t  and m th e  s l o p e .
An e x p o n e n t ia l  d e c r e a s e  i n  p la s m id -h e a r in g  c e l l s  h a s  b e e n  shown t o  be  
p r i n c i p a l l y  th e  r e s u l t  o f  s e g r e g a t i o n a l  i n s t a b i l i t y  (N o a ck  e t  a l . , 
1 9 8 4 ;  C ooper e t  a l . .  1 9 8 7 )  and u n d er t h e s e  c ir c u m s ta n c e s  h a s  b een  
m easu red  b y  th e  s lo p e  o f  th e  l i n e .  U s in g  t h i s  d a t a ,  th e  v a lu e  o f  
dp c o u ld  i n  tu r n  b e  c a l c u l a t e d ,  from  th e  v a lu e s  o f  s l o p e ,  i n t e r c e p t
-189-
and equation 2.
The r e s u l t s  a r e  su m m arised  i n  F i g .  3 . 3 0 ,  F i g .  3 . 3 1  and T a b le  3 . 1 5 .  
A s e x p e c te d  from  p r e v o u s  r e s u l t s  ( 3 . 4 . 3 . 1 ) ,  d i l u t i o n  r a t e  p o s i t i v e l y  
i n f lu e n c e s  CAT e x p r e s s io n  from  th e  d u a l o r i g i n  v e c t o r .
A b ove CAT e x p r e s s io n  l e v e l s  o f  0 .4 %  o f  s o l u b l e  p r o t e i n ,  e x p o n e n t ia l  
i n c r e a s e s  i n  th e  p l a s m i d - f r e e  p o p u la t io n  w ere o b s e r v e d  th ro u g h o u t  
e a c h  c u l t u r e  ( F i g  3 .3 1  ) .  G r e a te r  l e v e l s  o f  e x p r e s s io n  o r  d i l u t i o n  
r a t e  p r o g r e s s i v e l y  in c r e a s e d  th e  r a t e  o f  o v e r g r o w th .
B elow  0 ,4 %  CAT e x p r e s s io n ,  d i f f e r e n t  p la s m id  l o s s  k i n e t i c s  w ere  
o b s e r v e d  (a n  e x p o n e n t ia l  d e c r e a s e  in  p la s m id -b e a r in g  c e l l s ) .  T h is  
i n d i c a t e d  t h a t  th e  s e g r e g a t i o n a l  i n s t a b i l i t y  o f  t h e  v e c t o r  was o f  
g r e a t e r  i n f lu e n c e  th a n  o v e r g r o w th  b y  p l a s m i d - f r e e  c e l l s .  F or  
c o m p a r is o n , th e  p a r e n t a l  v e c t o r ,  pM G171, was c u l t i v a t e d  a t  a d i l u t i o n  
r a t e  o f  0 . 2 5 / h r .  P la s m id  l o s s  k i n e t i c s  a r e  su m m arised  i n  T a b le  
3 . 1 5 .  S i m i la r  k i n e t i c s  o f  l o s s  t o  t h a t  o f  th e  lo w  d i l u t i o n  r a t e ,  
lo w  e x p r e s s in g  pMG169 c u l t u r e ,  w ere o b s e r v e d  -  s e g r e g a t i o n a l  
i n s t a b i l i t y  r a t h e r  th a n  p l a s m i d - f r e e  c e l l  o v e r g r o w th . The 
d i f f e r e n c e s  b e tw e e n  th e  p la s m id  lo s s  k i n e t i c s  werfe c l e a r l y  d e m o n str a te d  
when co m p arin g  1B 373  pMG171 and 1B 373 pMG169 u n d er s i m i l a r  c u l t u r a l  
c o n d i t i o n s  ( F i g .  3 . 3 2 ) .
dp = m(e ~C -1 )  2.
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F ig u r e  3 .3 0  The e f f e c t  o f  d i l u t i o n  r a t e  on CAT e x p r e s s i o n  from  E . c o l i  
1B 373 PMG169 i n  and c a r b o n  l i m i t e d  c o n t in u o u s  c u l t u r e  a t  
M °C .
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F ig u r e  3 .3 1  The e f f e c t  o f  CAT e x p r e s s io n  on th e  r a t e  o f  o v e r g r o w th  by  
P la s m id  f r e e  c e l l s  (d u )  i n  c a r b o n  l i m i t e d  c o n t in u o u s  
c u l t u r e  a t  3 4 ° C .
CAT Accumulation^  Extracted Protein)
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Table 3.15 Dual origin plasmid instability : summary of results.
E . c o l i  1B 373 pM G169,pM G171 and pMG196 i n  c a rb o n  l i m i t e d  c o n t in u o u s  
c u l t u r e
D i l u t i o n  R a te  
( /  h r )
CAT E x p r e s s io n  
(%  P r o t e i n )
R a te  o f  O v ergro w th  
b y  P -  C e l ls ( d ] i )  
( /g e n )
R a te  o f  P la sm id  
S e g r e g a t io n  (R )  
( /g e n )
E . c o l i  1B 373 of
0 .0 9 7
0 .2 4 6
0 .2 5 6
0 .2 5 2
0 .2 3 7
0 .3 4 0
0 .3 5 8
1G169
0 .3 1
0 .6 1
0 .4 4
0 .4 8
0 .5 2
0 .9 6
0 .7 7
1 . 5  x  1 0 ~9
3 . 0  x  1 0 “ 2
2 . 3  x  1 0 “ 2 
2.8  x  10~2
2.6  x  10~2
4 . 0  x  1 0 -2
4 . 3  x  1 0 ~2
7 . 4  x  1 0 “ 5 
8 .1  x  10“ 6 
2.0  x  10“ 6
6 . 4  x  1 0 ~6 
1 . 3  x  1 0 " 6
2 . 5  x  1 0 ~6 
2 . 9  x  1 0 “ 6
E . c o l i  1B 373 pP
0 .2 5 4
0 .2 6 2
4G169 +  2 0 0  m g /1  D 
4 .3 2  
3 . 3 4
tryp to p h an  
2 . 9  x  1 0 _1 
2 . 3  x  1 0 " 1
9 . 8  x  1 0 ~6 
2 . 5  x  1 0 -5
E . c o l i  1B 373 pP
0 .2 5 2
0 .2 5 7
1G171
N /D
N/D
2.8  x  10"8 
2 . 3  x  1 0 -9
5 . 6  x  1 0 “ 5 
2.8  x  10-5
E . c o l i  1B 373 PP 
0 .2 5 6
1G196
0 . 0 4 8 . 3  x  1 0 “ 9 3 . 3  x  1 0 " 5
N/D not detected.
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F ig u r e  3 .3 2  C om p arison  i n  p la s m id  l o s s  k i n e t i c s  b e tw e e n  E . c o l i  1B 373  
PMG171 and PMG169 a t  3 4 ° C i n  c a r b o n  l i m i t e d  c o n t in u o u s  
c u l t u r e .
0
Dt
C
L
0
9
0)
TJ
E
n
o
E
□ E-col? 1B373 pMG169
GenoraHons 
+ EcColi 1B373 pMG171
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3 .6 .3 .3  Effect of tryptophan on plasmid sta b ility .
To d e te r m in e  w h e th e r  th e  s t a b i l i t y  o f  th e  v e c t o r  c o u ld  b e  im p rov ed  hy  
r e p r e s s i o n  o f  CAT from  th e  t r p  p r o m o te r , tr y p to p h a n  w as added  t o  th e  
medium r e s e r v o i r  o f  a c a r b o n  l i m i t e d  c o n t in u o u s  c u l t u r e  o f  1B 373
pMG169 t o  a f i n a l  c o n c e n t r a t io n  o f  2 0 0  m g /L .
CAT e x p r e s s io n  and p la s m id  l o s s  k i n e t i c s  w ere a n a ly s e d  a s  b e f o r e  and  
a r e  su m m arised  i n  T a b le  3 .1 5  and F ig u r e  3 . 3 3 .  V e r y  s u r p r i s i n g l y ,  th e  
l e v e l s  o f  CAT a c c u m u la t io n  w ere  fou n d  to  h e b e tw e e n  3 . 3  and 4 .3 %  o f  
s o l u b l e  p r o t e i n .  A p r o t e i n  band c o -m i g r a t in g  w it h  CAT s ta n d a r d  was 
v i s u a l i s e d  on  SDS-PAGE e q u a t in g  t o  an enhancem ent o f  a p p r o x im a te ly  8 
f o l d  o v e r  th e  tr y p to p h a n  f r e e  c u l t u r e s .  P la sm id  l o s s  k i n e t i c s  w ere  
d e te r m in e d  t o  b e  due t o  o v e r g r o w th  b y  p l a s m i d - f r e e  c e l l s  -  a t  r a t e s
a p p r o x im a te ly  10 f o l d  g r e a t e r  th a n  i n  tr y p to p h a n  f r e e  e x p e r im e n ts .
The l e v e l s  o f  CAT e x p r e s s io n  and dp o b s e r v e d  i n  t h e s e  fe r m e n t a t io n s  
f i t t e d  th e  r e l a t i o n s h i p  p r e v i o u s ly  d e te r m in e d  ( F i g  3 . 3 2 )  w here  
e x p r e s s io n  was m o d u la te d  b y  v a r i a t i o n s  i n  d i l u t i o n  r a t e  ( F i g .  3 . 3 3 ) .
P l a s m i d - f r e e  i s o l a t e s  t h a t  o v e rg re w  th e  c u l t u r e  w ere  a m p i c i l l i n  
s e n s i t i v e  and h ad  a b io c h e m ic a l  i d e n t i f i c a t i o n  p r o f i l e  c o n s i s t e n t  
w it h  1B 373 pM G169. B a tc h  sh a k e  f l a s k  c u l t u r e  s t u d i e s  w ere p e rfo rm e d  
t o  f u r t h e r  e l u c i d a t e  th e  s t i m u la t o r y  e f f e c t  o f  t r y p to p h a n  on CAT 
e x p r e s s i o n .
E . c o l i  1B 373 pMG169 w as grow n i n  d u p l ic a t e  in  th e  d e f in e d  c u l t u r e  
medium a t  b o t h  3 0 °  and 3 4 °C  i n  th e  p r e s e n c e  and a b se n c e  o f
t r y p t o p h a n . CAT a c c u m u la t io n  w as m easu red  a t  i n t e r v a l s  and
s p e c i f i c  g ro w th  r a t e s  c a l c u l a t e d .  The r e s u l t s  a r e  t a b u la t e d  i n  T a b le
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3 .1 6  and a r e  com pared w it h  c o n t in u o u s  c u l t u r e  r e s u l t s .
A t  3 0 ° C , t r y p to p h a n  w as fo u n d  t o  r e p r e s s  CAT fo r m a t io n  and p e r m it  a 
h ig h e r  g ro w th  r a t e .  A t  3 4 °C  h o w e v e r , CAT a c c u m u la t io n  was 
s t im u la t e d  b y  th e  a d d i t i o n  o f  tr y p to p h a n  i n  a s i m i l a r  fa s h io n  
(a l t h o u g h  n o t  t o  th e  same e x t e n t )  to  t h a t  o b s e r v e d  i n  c h e m o sta t  
c u l t u r e .  No m e a s u r a b le  e f f e c t  on s p e c i f i c  g ro w th  r a t e  was s e e n .
-196-
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F ig u r e  3 .3 3  The e f f e c t  o f  CAT e x p r e s s io n  on th e  r a t e  o f  p la s m id  f r e e  
c e l l  o v e r g r o w th  (d p )  in  c a rb o n  l i m i t e d  c o n t in u o u s  
c u l t u r e  a t  3 4 ° C ( fr o m  T a b le  3 . 1 5 ) .
0  2  4
CAT Accumulation (X Extracted Protein) 
□ -Tryptophan 0 +Tryptophan
Table 3.16 The effect of tryptophan addition on growth and CAT
e x p r e s s io n  from  E . c o l i  1B 373 PMG169 u s in g  d e f in e d  medium  
in  b a t c h  and c o n tin u o u s  c u l t u r e .
B a tc h
G row th T em p era tu re  
< °C )
T r p . C o n c e n t r a t io n  
( m g /L )
S p e c i f i c  G row th  
R a te  ( / h r )
CAT E x p r e s s io n  
(%  P r o t e i n )
30 0 0 .2 1 6 0 .2 8
30 200 0 .2 6 1 0 .1 9
3 4 0 0 .3 2 4 1 .1 7
3 4 200 0 .3 2 7 2 .2 1
C o n tin u o u s
G row th T em p era tu re T r p . C o n c e n t r a t io n S p e c i f i c  G row th CAT E x p r e s s io n
< °C ) ( m g /L ) R a te  ( / h r ) (% P r o t e i n )
3 4 0 0 . 2 3 7 - 0 . 2 5 6 0 . 4 —0 . 6
34 200 0 . 2 5 4 - 0 . 2 6 2 3 . 3 - 4 . 3
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3 .6 .3 .4  The effect of transcriptional inhibition on CAT expression
and p la s m id  s t a b i l i t y .
I n  o r d e r  t o  e f f e c t i v e l y  r e p r e s s  CAT e x p r e s s i o n ,  E . c o l i  1B 373  pMG169 
tr a n s fo r m a n t s  w ere  g e n e r a te d  t h a t  p o s s e s s e d  th e  CAT g e n e  i n s e r t e d  i n  
th e  i n c o r r e c t  t r a n s c r i p t i o n a l  o r i e n t a t i o n .  Such a c o n s t r u c t ,  fo rm in g  
th e  p la s m id  pM G196, was show n t o  a m p lif y  p la s m id  co p y  number upon  
th e r m a l i n d u c t i o n .  No d e t e c t a b l e  CAT p r o t e i n  band when v ie w e d  by  
SDS-PAGE w as o b s e r v e d  n o r  s i g n i f i c a n t  a c t i v i t y  i n  th e  CAT en zym ic  
a s s a y .
The s t a b i l i t y  o f  t h i s  p la s m id  w as i n v e s t i g a t e d  i n  ca rb o n  l i m i t e d  
c o n tin u o u s  c u l t u r e ,  a t  a d i l u t i o n  r a t e  o f  0 . 2 5 / h r  and a te m p e ra tu r e  
o f  3 4 ° C . E . c o l i  1B 373 pMG196 d e m o n str a te d  p la s m id  l o s s  k i n e t i c s  
v e r y  s i m i l a r  t o  t h o s e  o b s e r v e d  w it h  th e  p a r t e n t a l  v e c t o r  pM G171. The 
d a ta  a r e  su m m arised  i n  T a b le  3 .1 5  and f i g u r e  3 . 3 4 .
-199-
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F ig u r e  3 .3 4  C om p arison  o f  p la s m id  l o s s  k i n e t i c s  b e tw e e n  E . c o l i  1B373.
PMG171 and PMG196 i n  c a rb o n  l i m i t e d  c o n t in u o u s  c u l t u r e  a t  
3 4 ° C .
Generations
0 E.coli 1B373 pMG196 + E.coli 1B373 pMG171
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3 .6 .4  Discussion
P la s m id  l o s s  from  E . c o l i . i n  b o th  b a t c h  and c o n t in u o u s  c u l t u r e ,  h a s  
b e e n  w id e ly  s t u d i e d .  I n  o r d e r  t o  re d u c e  p la s m id  l o s s  on  p r o lo n g e d  
c u l t u r e ,  and th e r e b y  im p rov e  p r o d u c t  y i e l d s ,  i t  i s  f i r s t  r e q u ir e d  to  
u n d e r s ta n d  th e  n a t u r e  o f  th e  i n s t a b i l i t y  o b s e r v e d , i #e .  t o  d e te r m in e  
w h ich  o f  th e  two p r i n c i p a l  c a u s e s  is p r e d o m in a n t . S y s t e m a t ic  
s t u d i e s ,  u s in g  b o th  E . c o l i  and S tr e p to m v c e s  c u l t u r e s ,  h av e  
d e m o n s tr a te d  p a t t e r n s  o f  p la s m id  l o s s  t h a t  c a n  b e  a t t r i b u t e d  to  
s e g r e g a t i o n a l  i n s t a b i l i t y  o f  th e  p la s m id  (N o a ck  e t  a l . . l 9 8 4  ; J o n e s  & 
M e l l i n g ,  1 9 8 4 ) .  T h e se  w ere  q u a n t i f i e d  b y  p l o t t i n g  th e  lo g a r it h m  o f  
th e  p r o p o r t io n  o f  p la s m id -b e a r i n g  c e l l s  a g a i n s t  g e n e r a t i o n  number a t  
e a c h  s t a g e  o f  th e  c u l t u r e .  The s l o p e  o f  th e  l i n e  o b s e r v e d  ( R ) ,  g av e  
th e  r a t e  o f  w h ich  p l a s m i d - f r e e  c e l l s  w ere g e n e r a t e d  from  th e  
p la s m id -b e a r in g  p o p u la t io n .  O th e r  d a t a ,  h o w e v e r , h a v e  b e e n  fou n d  n o t  
t o  f i t  t h i s  p a t t e r n  ( S e i g e l  & R yu , 1 9 8 5 ;  t h i s  w o r k ) .  When p l o t t e d
a s  th e  p l a s m i d - f r e e  p r o p o r t io n  on a l o g a r i t h m i c  a x i s  a g a in s t  c u l t u r e
g e n e r a t io n  number h o w e v e r , a s t r a i g h t  l i n e  r e l a t i o n s h i p  a g a in  
e m erg ed . T h is  p a t t e r n  was p r o v e n  t o  b e  c a u se d  b y  o v e r g r o w th  o f  
p l a s m i d - f r e e  c e l l s  i n  th e  c u l t u r e  (C o o p e r  e t  a l . 1 9 8 7 ) ,  th e  r a t e  o f  
w h ic h , ( d p ) ,  was g iv e n  b y  th e  s l o p e .  D ia g ra m m a tic  r e p r e s e n t a t i o n s  
o f  th e  p l o t s  o b t a in e d  w here s e g r e g a t i o n a l  i n s t a b i l i t y  h a s  a g r e a t e r  
i n f lu e n c e  o v e r  l o s s  k i n e t i c s  th a n  d p , and v i c e  v e r s a , a r e  shown in  
F i g .  3 .3 5  and 3 . 3 6 .
The d a ta  g e n e r a te d  from  t h e s e  e x p e r im e n ts  ( w it h  E . c o l i  1B 373 pMG169 
a t  a d i l u t i o n  r a t e  o f  0 . 2 5 / h r  and a te m p e ra tu r e  o f  3 4 ° C )  f i t  th e
p a t t e r n  o f  o v e r g r o w th  b y  th e  p l a s m i d - f r e e  p r o p o r t io n .  T h is  o c c u r r e d  
d e s p i t e  s u b s t a n t i a l  r e p r e s s i o n  o f  e x p r e s s io n  due t o  th e  low  cop y
-201-
n u m b er, a lth o u g h  th e  t r p  p ro m o te r  was d e r e p r e s s e d  b y  th e  a b s e n c e  o f  
tr y p to p h a n  from  th e  c u l t u r e  m edium .
T h is  p a t t e r n  was o n ly  o b s e r v e d  u s in g  a m ore s e n s i t i v e  m ethod o f  
e n u m e ra tin g  th e  p l a s m i d - f r e e  p r o p o r t io n  ( 3 . 5 . 2 . 3 ) .  P r e v io u s  m eth ods  
( 3 . 1 . 2 . 5 )  w ou ld  h a v e  f a i l e d  t o  d e t e c t  i n s t a b i l i t y ,  s i n c e  su c h  low  
l e v e l s  c o u ld  n o t  h e  r e l i a b l y  d e t e c t e d  ( l e s s  th a n  5 % ) .  I n s t a b i l i t y  
w o u ld  o n ly  h a v e  b e e n  o b s e r v e d  a t  c u l t u r e  g e n e r a t io n s  i n  e x c e s s  o f  
1 4 0 .  V a l i d a t i o n  o f  th e  new d e t e c t i o n  m ethod d e m o n s tr a te d  t h a t  
c o l o n i e s  grow n a t  4 2 °C  w ere  i n  f a c t  p l a s m i d - f r e e  and ^ - la c t a m a s e  
s e n s i t i v e .  A t 3 0 °C  b o t h  p l a s m i d - f r e e  and p la s m id -h e a r in g  c e l l s  
w ere c a p a b le  o f  fo r m in g  c o l o n i e s .  The r e l a t i v e l y  s m a ll  p r o p o r t io n  
o f  p l a s m i d - f r e e  c e l l s  h o w e v e r , made l i t t l e  i f  a n y , d i f f e r e n c e  t o  th e  
f i g u r e s  c a l c u l a t e d .  P la sm id  p r e p a r a t io n s  p e r fo r m e d  a t  i n t e r v a l s  to  
c h e c k  f o r  g r o s s  s t r u c t u r a l  r e a r r a n g e m e n ts , w ere  a lw a y s  v i s u a l l y  
i d e n t i c a l  t o  c o n t r o l s  on a g a r o s e  g e l  e l e c t r o p h o n e s i s .
The k i n e t i c s  o f  p la s m id  l o s s  from  E . c o l i  1B 373 pMG169 c o n t r a s t e d  
d r a m a t i c a l l y  w it h  t h o s e  o b s e r v e d  w it h  b o th  th e  p a r e n t a l  p la s m id ,  
pM G171, and pM G196, B o th  th e  l a t t e r  show ed p la s m id  l o s s  k i n e t i c s  
a t t r i b u t a b l e  t o  s e g r e g a t i o n a l  i n s t a b i l i t y  w it h  r e l a t i v e l y  low  
c a l c u l a t e d  v a lu e s  o f  g ro w th  r a t e  d i f f e r e n t i a l  (d p )  b e tw e e n  
p la s m id -b e a r i n g  and p l a s m i d - f r e e  p o p u la t io n s  ( T a b le  3 . 1 5 ) .  P la s m id -  
f r e e  c e l l  o v e r g r o w th  w it h  pMG169 c u l t u r e s  w ere t h e r e f o r e  m ore l i k e l y  
to  b e  a t t r i b u t a b l e  t o  th e  l e v e l s  o f  t r a n s c r i p t i o n  o r  t r a n s l a t i o n  from  
th e  CAT g en e  i t s e l f  and n o t  t o  c a r r ia g e  o f  th e  p la s m id  DNA o r  t o  some 
i n t e r a c t i o n  w it h  th e  t r p  p r o m o te r . The p r o c e s s  o f  a c c u m u la t io n  o f  
re c o m b in a n t p r o t e i n  m ust b e  th e  m o st l i k e l y  c a u s e  o f  a d d i t i o n a l  
m e t a b o l ic  b u rd e n  f o r  p la s m id -b e a r in g  c e l l s .
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Figure 3.35 Linear and logarithmic diagramatic plots of E.coli
plasmid instability: Plasmid free cell overgrowth.
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Figure 3.36 Linear and logarithmic diagramatic plots of E.coli
plasmid instability ; Segregation plasmid lo ss .
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A l t e r a t i o n s  i n  c h e m o sta t  d i l u t i o n  r a t e  t h a t  a f f e c t e d  CAT a c c u m u la tio n  
a l s o  a f f e c t e d  th e  r a t e  a t  w h ich  p l a s m i d - f r e e  c e l l s  o v e rg re w  th e  
c u l t u r e  ( F i g .  3 . 3 0  and F i g .  3 . 3 1 ) .  H ig h e r  l e v e l s  o f  e x p r e s s io n  a t  
g r e a t e r  d i l u t i o n  r a t e s  c a u se d  an  a lm o s t  l i n e a r  i n c r e a s e  i n  d p , an  
e f f e c t  a c c i d e n t l y  r e i n f o r c e d  b y  s t im u la t in g  CAT e x p r e s s io n  b y  th e  
a d d i t i o n  o f  t r y p to p h a n  ( F i g .  3 . 3 3 ) .
D i l u t i o n  r a t e s  t h a t  re d u c e d  CAT e x p r e s s io n  t o  0 .3 %  o f  c e l l  p r o t e in  
c a u se d  a c l e a r  ch an ge i n  th e  k i n e t i c s  o f  p la s m id  l o s s  r a t h e r  th a n  a 
c o n t in u in g  g r a d u a l r e d u c t io n  i n  d p . T h e r e f o r e  t h e r e  may 
p o t e n t i a l l y  b e  a t h r e s h o ld  l e v e l  o f  re c o m b in a n t p r o t e i n  e x p r e s s io n  
b e lo w  w h ich  no e f f e c t  i n  m e ta b o lis m  i s  o b s e r v e d  b u t  a b ov e  w h ich  a 
p r o g r e s s i v e  d r a in  on m e ta b o lis m  b ecom es a p p a r e n t .
I n  t h e s e  e x p e r im e n ts  i t  i s  p o s s i b l e  t h a t  th e  d i l u t i o n  r a t e  may a ls o  
h a v e  h ad  an in d e p e n d e n t e f f e c t  on th e  s t a b i l i t y  o f  th e  p la s m id . T h is  
h o w e v e r , w ou ld  b e  m ore l i k e l y  t o  h a v e  a f f e c t e d  th e  s e g r e g a t i o n a l  
s t a b i l i t y  o f  th e  p la s m id  -  a p a ra m e te r  a lr e a d y  show n t o  h a v e  l i m i t e d  
s i g n i f i c a n c e  i n  th e  m a j o r i t y  o f  t h e s e  c u l t u r e s .  A l l  th e  v a lu e s  o f  R ,
w h e th e r  m easu red  d i r e c t l y  o r  c a l c u l a t e d ,  w ere a l l  i n  th e  ra n g e  2 . 5  x
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10 t o  1 . 3  x  10  /g e n e r a t i o n .  T h e se  v a lu e s  w e re  s i g n i f i c a n t l y
lo w e r  th a n  t h a t  r e c o r d e d  f o r  a n o th e r  p S C lO l b a s e d  p la s m id  pHSG415
( 0 .0 2 8  /g e n e r a t i o n ;  C a u lc o t t  e t  a l . .  1 9 8 7 ) .  T h is  w as p re su m a b ly  due
t o  th e  a b s e n c e  o f  a f u n c t i o n a l  o a r  se q u e n c e  i n  th e  l a t t e r  p la s m id .
The tr e n d  i s  a l s o  v e r y  d i f f e r e n t  from  t h a t  o b s e r v e d  w it h  o th e r
v e c t o r s  c a p a b le  o f  d i r e c t i n g  h ig h  l e v e l s  o f  p r o t e i n  e x p r e s s io n ,
S e i g e l  & Ryu ( 1 9 8 5 ) , fo u n d  t h a t  i n c r e a s e s  in  d i l u t i o n  r a t e  in c r e a s e d
th e  s t a b i l i t y  o f  th e  p la s m id  p P L c 2 3 -t r p A l  d e s p i t e  a c o n c o m it ta n t
r e d u c t io n  i n  p la s m id  co p y  nu m ber. No d e t a i l s  o f  p r o d u c t  e x p r e s s io n
were noted however.
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The p a r e n t a l  v e c t o r  (pM G 171) was fo u n d  t o  b e  m a in ta in e d  v e r y  s t a b l y  
in  E . c o l i  1B 373 -  c a l c u l a t e d  t o  g i v e  r i s e  t o  j u s t  10% p l a s m i d - f r e e  
c e l l s  a f t e r  1 8 0 0  c u l t u r e  g e n e r a t io n s  a t  a d i l u t i o n  r a t e  o f  0 . 2 5 / h r .  
T h is  g e n e r a t io n  number c o r r e s p o n d s  t o  a p p r o x im a te ly  7 m onths o f  
c o n tin u o u s  o p e r a t i o n  a n d , p r o v i d in g  t h a t  e x p r e s s io n  c a n  b e  r e g u la t e d  
m ore e f f i c i e n t l y ,  i s  m ore th a n  s u f f i c i e n t  t o  o p e r a t e  a two s t a g e  
p r o d u c t io n  s y s te m .
To d e te r m in e  i f  lo n g e r  p e r i o d s  o f  s t a b l e  o p e r a t io n  w ere p o s s i b l e  w ith  
E . c o l i  1B 373 pM G 169, t r y p t o p h a n , a t  2 0 0 m g /L , w as added  t o  th e  c u l t u r e  
medium to  s u p p r e s s  CAT e x p r e s s io n  from  th e  t r p  p r o m o te r .
The a d d i t i o n  h o w e v e r , d r a m a t i c a l ly  and a d v e r s e l y ,  a f f e c t e d  th e  
s t a b i l i t y  o f  th e  p la s m id . CAT e x p r e s s io n  r o s e  fro m  a p p r o x im a te ly  0 . 4  
-  0 .6 %  t o  b e tw e e n  3 -4 %  o f  c e l l  p r o t e i n  w it h  a c o n s e q u e n t  i n c r e a s e  in  
th e  r a t e  o f  o v e r g r o w th  b y  p l a s m i d - f r e e  c e l l s  ( T a b le  3 . 1 5 ) .  T h ese  
c e l l s  w ere n o t  th e  r e s u l t  o f  c u l t u r e  c o n ta m in a t io n  a s  th e y  w ere  
s u b s e q u e n t ly  p r o v e n  t o  b e  E . c o l i  1B 373 b y  API 20E b a c t e r i a l  
i d e n t i f i c a t i o n  s t r i p s  ( 2 . 8) .
Shake f l a s k  c u l t u r e  s t u d i e s  a t  3 4 °C  i n  h a t c h  a l s o  i n d i c a t e d  an 
i d e n t i c a l  e f f e c t ,  d e m o n s tr a t in g  t h a t  i t  was n o t  a f u n c t i o n  o f  th e  
c o n tin u o u s  mode o f  c u l t i v a t i o n .  B a tc h  e x p e r im e n ts  a t  3 0 °C  h o w e v e r , 
d e m o n s tr a te d  a m ore c o n v e n t io n a l  r e s p o n s e  -  a r e d u c t io n  i n  CAT 
e x p r e s s io n  a f t e r  th e  a d d i t i o n  o f  tr y p to p h a n  ( T a b le  3 . 1 6 ) .
One p o s s i b l e  e x p la n a t io n  f o r  t h e s e  f i n d i n g s  can  b e  d ed u ced  from  th e  
o b s e r v a t io n  t h a t  e l e v a t i o n s  i n  g ro w th  te m p e r a tu r e  from  3 0 °C  to  
3 5 °C  i n c r e a s e  b o th  CAT e x p r e s s io n  and p la s m id  co p y  num ber ( F i g .  
3 . 1 9 ) .  A cop y  num ber r i s e  m ust c a u s e  an i n c r e a s e  i n  th e  number o f  
t r p  p ro m o te r  s e q u e n c e s  p r e s e n t  p e r  c e l l .  The p r e s e n c e  o f  tr y p to p h a n
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h a s  b e e n  r e p o r te d  t o  re d u c e  th e  c o n c e n t r a t i o n  o f  t r p  r e p r e s s o r  
p r o t e i n  p e r  c e l l  ( K e l l e y  & Y a n o f s k y , 1 9 8 2  ; G u n sa lu s  e t  a l . , 1 9 8 6 ) .  
U nder n o rm a l c ic u m s ta n c e s  r e p r e s s o r s  u s u a l l y  e x c e e d  p r o m o te rs  by  
s u f f i c i e n t  e x t e n t  t o  m a in t a in  c o n t r o l  o v e r  e x p r e s s io n  e v e n  u n d er  
f u l l y  s t im u la t o r y  c o n d i t i o n s .  The e x p la n a t io n  f o r  th e  u n u su a l  
r e s u l t s  o b s e r v e d  w it h  E . c o l i  1B 373  pMG169 may b e  t h a t  t h i s  h o s t  
m a in ta in e d  a re d u c e d  o v e r a l l  l e v e l  o f  t r p  r e p r e s s o r  p r o t e i n ,  b e in g  
p e rh a p s  a p a r t i a l  t r p R m u ta n t . U nder th e  c u l t u r a l  c ir c u m s ta n c e s  
u s e d , th e  t r p  r e p r e s s o r  c o n c e n t r a t io n  may h a v e  b e e n  re d u c e d  b e lo w  th e  
t r p  p ro m o te r  s e q u e n c e  c o n c e n t r a t i o n .  The o v e r a l l  e f f e c t  w ou ld  th e n  
b e  t o  a c t u a l l y  d e r e p r e s s  t r a n s c r i p t i o n  from  th e  t r p  p ro m o te r  and  
th e r e b y  in d u c in g  CAT e x p r e s s i o n .
I t  i s  i n t e r e s t i n g  to  n o t e  t h a t  th e  E . c o l i  s t r a i n  1B 373  w as s e l e c t e d  
from  o t h e r s  b y  i t s  a b i l i t y  to  e x p r e s s  re c o m b in a n t p r o t e i n s  from  th e  
t r p  p ro m o te r  ( E .  W r ig h t  p e r s o n a l  c o m m u n ic a tio n ). S t r a i n s  w it h  a 
r e d u c e d  a b i l i t y  t o  r e p r e s s  e x p r e s s io n  from  th e  t r p  p ro m o te r  may h av e  
t h e r e f o r e  b e e n  p r e f e r e n t i a l l y  s e l e c t e d .
T r a n s ie n t  i n c r e a s e s  i n  th e  p la s m id -b e a r i n g  p o p u la t io n  w ere o b s e r v e d  
to w a rd s th e  b e g in n in g  o f  m o st o f  th e  c o n t in u o u s  c u l t u r e s  
e s t a b l i s h e d .  T h is  was o n ly  d e t e c t e d  by  th e  u s e  o f  th e  s e n s i t i v e  
te c h n iq u e  f o r  e n u m e ra tin g  p l a s m i d - f r e e  c e l l s .  T h is  in c r e a s e  was 
fo u n d  t o  c o i n c id e  w it h  en h an ced  e x p r e s s io n  o f  a 37  kD s o l u b l e  p r o t e in  
when t o t a l  E . c o l i  h o n p g e n a te s  w ere v ie w e d  b y  PAGE. T h is  b a n d , 
p r e s e n t  i n  b o th  p la s m id -b e a r in g  and p l a s m i d - f r e e  i s o l a t e s  i n d i c a t e d  
t h a t  e x p r e s s io n  o f  th e  en h an ced  p r o t e i n  m ust b e  chfbm osom ally l i n k e d .
T r a n s ie n t  i n c r e a s e s  h a v e  b e e n  o b s e r v e d  w ith  o t h e r  E . c o l i  c o n t in u o u s  
c u l t u r e s  ( H e l l i n g  e t  a l . .  1 9 8 1 ;  Godwin & S l a t e r ,  1 9 7 9 ;  K e s h a r a r z  e t
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a l .  f 1 9 8 5 ) ,  a lt h o u g h  c o n c o m ita n t  a p p e a ra n c e  o f  a p r o t e i n  band h a s  n o t  
p r e v i o u s ly  b e e n  r e p o r t e d .
I t  h a s  b e e n  s u g g e s t e d  t h a t  a chrom osom al m u t a t io n , w i t h in  th e  p la s m id  
- b e a r i n g  p o p u la t io n ,  h ad  o c c u r r e d  i n  t h e s e  c a s e s  ( H e l l i n g  e t  a l . .  
1 9 8 1 ) .  The m u t a t io n , b y  some m ech an ism , im p roved  th e  ’ f i t n e s s *  o f  
th e  o rg a n ism  t o  u t i l i s e  th e  s u b s t r a t e ,  th e r e b y  r a p i d l y  o u t  co m p etin g  
and s u p p la n t in g  b o th  th e  o r i g i n a l  p la s m id -b e a r i n g  and p l a s m i d - f r e e  
p o p u la t io n s  ( H e l l i n g  e t  a l . ,  1 9 8 1 ) .
T h i s ,  t h e r e f o r e ,  seem s t o  h e  th e  m o st p r o b a b le  e x p la n a t io n  f o r  th e  
r e s u l t s  r e p o r te d  h e r e ,  w h ere th e  d rop  i n  p l a s m i d - f r e e  c e l l s  
c o r r e s p o n d s  t o  th e  w a sh ou t o f  th e  o r i g i n a l  c e l l  l i n e  (p la s m i d -b e a r in g  
and p l a s m i d - f r e e ) . A d d i t i o n a l  e v id e n c e  r e p o r te d  h e r e  i n d i c a t e s  t h a t  
th e  m u ta t io n  d e r e g u la t e d  e x p r e s s io n  o f  a s p e c i f i c  p r o t e i n .  T h is  
p r o t e i n  i s  l i k e l y  t o  he in v o lv e d  i n  e i t h e r  g lu c o s e  u p ta k e  or  
m e ta b o lis m  s i n c e  t h e s e  m u ta t io n s  a r e  r e p o r t e d ly  c a r b o n  s u b s t r a t e  
s p e c i f i c  ( H e l l i n g  e t  a l . , 1 9 8 1 ) .
A p o s s i b l e  e x p la n a t io n  f o r  th e  p r e v i o u s ly  r e p o r te d  r e s u l t s  on p la s m id  
i n s t a b i l i t y  a f t e r  t r y p to p h a n  s u p p le m e n t a t io n , was t h a t  th e  
ch rom osom al m u ta t io n  m ig h t h a v e  o c c u r r e d  widiiA th e  p l a s m i d - f r e e  
p o p u la t io n .  SDS-PAGE a n a l y s i s ,  h o w e v e r , show ed t h a t  n o t  t o  b e  th e  
c a s e  s i n c e  no en h an ced  hand was v i s u a l i s e d .
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4.0 DISCUSSION
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4.0 Discussion.
The new re c o m b in a n t DNA te c h n o lo g y  h a s  le a d  t o  th e  d e v e lo p m e n t o f  
e x p r e s s io n  s y s te m s  i n  E . c o l i  c a p a b le  o f  m aking r e c o m b in a n t p r o t e i n s  
su c h  a s  human g ro w th  horm one and i n s u l i n .  D is a d v a n ta g e s  w it h  t h e s e  
s y s te m s  becam e a p p a r e n t  upon s c a l e -u p  o f  s u c h  p r o c e s s e s .  For
e x a m p le , an E . c o l i  s t r a i n  tr a n s fo r m e d  w it h  th e  p ro c h y m o sin  e x p r e s s io n
p la s m id  p C T 70, was fo u n d  t o  p ro d u c e  re d u c e d  am ounts o f  th e  t a r g e t  
p r o t e i n  when c u l t i v a t e d  a t  a l a r g e  s c a l e .  T h is  w as fo u n d  t o  b e  due 
t o  s e g r e g a t i o n a l  l o s s  o f  th e  p la s m id  from  h o s t  c e l l s  (U n p u b lis h e d  
r e s u l t s ,  C a u lc o t t  & R h o d e s ,1 9 8 6 ) .  E ven  th e  a d d i t i o n  o f  h ig h  l e v e l s  
o f  a n t i b i o t i c  d id  n o t  p r e v e n t  th e  o v e r g r o w th  b y  a n t i b i o t i c  s e n s i t i v e  
p l a s m i d - f r e e  c e l l s .  A n t i b i o t i c s ,  a lth o u g h  f r e q u e n t l y  u se d  on  an  
i n d u s t r i a l  s c a l e  t o  m a in t a in  s e l e c t i o n  o f  th e  p la s m id  (M uth e t  a l . .  
1 9 8 4 ) ,  a r e  e x p e n s iv e  and p r e s e n t  p ro b le m s w it h  p h a r m a c e u tic a l  
r e g u la t o r y  a u t h o r i t i e s .
Once i t  was r e a l i s e d  t h a t  p r o d u c t  e x p r e s s io n  i t s e l f  w as th e  p r i n c i p a l  
c a u s e  o f  th e  p ro b le m s  o b s e r v e d  r a t h e r  th a n  th e  m a in te n a n c e  o f  th e  DNA 
( C a u l c o t t  e t  a l . . 1 9 8 5  j C a r r i e r  e t  a l . .  1 9 8 3 )  i n d u c ib le  e x p r e s s io n
v e c t o r s  w ere d e v e lo p e d .
B ip h a s ic  p r o d u c t io n  sch em es w ere  d e v e lo p e d  w it h  s e p a r a t e  grow th  
(w h ere  p r o d u c t  s y n t h e s i s  was r e p r e s s e d )  and p r o d u c t io n  s t a g e s .
P ro d u c t e x p r e s s io n  w as r e g u la t e d  e i t h e r  by  a te m p e r a tu r e  o r  m e t a b o l ic  
s w i t c h .  U s in g  s y s te m s  su c h  a s  t h e s e  e l im in a t e d  p la s m id  i n s t a b i l i t y  
( e i t h e r  s e g r e g a t i o n a l  o r  s t r u c t u r a l )  a s  a p ro b le m  i n  b a t c h  c u l t u r e  
e v e n  i n  th e  a b s e n c e  o f  a n t i b i o t i c  s e l e c t i o n .
E xam p les o f  a s e r i e s  o f  su c h  i n d u c i b le  v e c t o r s  w e re  th e  d u a l o r i g i n
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E x p r e s s io n  was p r i n c i p a l l y  c o n t r o l l e d  by  th e  g e n e  d o s e .  T h is  c o u ld
b e  a l t e r e d  from  low  t o  h ig h  co p y  number by  an i n c r e a s e  i n  th e  c u l t u r e
te m p e r a tu r e  t o  4 2 ° C .  The p o w e r fu l  t r p  p ro m o te r  w as u se d  to
m e d ia te  h ig h  l e v e l s  o f  t r a n s c r i p t i o n .  New s t y l e  e x p r e s s io n  v e c t o r s
s u c h  a s  t h e s e  w ere m ore l i k e l y  t o  becom e i n d u s t r i a l  s c a l e  p r o d u c t io n
s y s te m s  and w ere  c o n s e q u e n t ly  s t u d ie d  and c h a r a c t e r i s e d  i n  d e t a i l .
F o r  i n d u s t r i a l  p u r p o s e s , p r o d u c t  e x p r e s s io n  w o u ld  h a v e  t o  b e
3
m a x im ise d  and a f e r m e n t a t io n  p r o c e s s  o p e r a b le  a t  th e  2 0 -3 0 m  s c a l e  
w as r e q u ir e d .
A t  th e  b e g in n in g  o f  t h i s  i n v e s t i g a t i o n  i t  was t h e r e f o r e  n e c e s s a r y  to  
a d d r e s s  s e v e r a l  k e y  s c a l e  up i s s u e s .  The t a s k  o f  m a x im is in g  b io m a ss  
u n d er r e p r o d u c ib le  c o n d i t i o n s  was a d d r e s s e d  b y  th e  u s e  o f  c h e m ic a l ly  
d e f in e d  c u l t u r e  medium i n  fe r m e n te r  s y s t e m s . A n o th e r  i s s u e  s t u d ie d  
was d e l i m i t i n g  th e  te m p e r a tu r e  ra n g e  o v e r  w h ic h  in d u c t io n  c o u ld
o c c u r .  M in im is a t io n  o f  th e  s h i f t  w ou ld  r e d u c e  l a r g e  s c a l e
o p e r a t i o n a l  p r o b le m s . F i n a l l y ,  p r o d u c t  e x p r e s s io n  w as o p t im is e d  to  
a c h ie v e  econ o m ic  p r o d u c t io n  l e v e l s  w h i l s t  r e t a i n i n g  c o m p a t a b i l i t y  
w it h  th e  two p r e v io u s  o b j e c t i v e s .  M a x im is a t io n  o f  p r o d u c t  
a c c u m u la t io n  h ad  a lr e a d y  b e e n  s t u d ie d  i n  d e p th  b y  o t h e r s  from  a 
m o le c u la r  s t a n d p o in t  -  th e  e f f e c t  o f  g en e  d o s e ,  p ro m o te r  s t r e n g t h  and 
p r o t e i n  s t a b i l i t y .  R e l a t i v e l y  l i t t l e ,  h o w e v e r , h a s  b e e n  r e p o r te d
r e g a r d in g  th e  e f f e c t  o f  v a r io u s  p h y s i o l o g i c a l  p a r a m e te r s  ( t h o s e
l i k e l y  to  b e  e n c o u n te r e d  upon fe r m e n t a t io n  s c a l e  u p ) upon th e  c o n t r o l  
and r e g u l a t i o n  o f  re c o m b in a n t p r o t e i n  e x p r e s s i o n .
Once th e  m o le c u la r  d e v e lo p m e n t o f  th e  v e c t o r  h ad  b e e n  c o m p le te d , th e  
f i r s t  o b j e c t i v e  was to  d e te r m in e  w h e th e r  s i m i l a r  e x p r e s s io n  l e v e l s
family of plasmids (Yarranton et a l ..!9 8 4 : Wright et a l .«1986).
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c o u ld  b e  a c h ie v e d  i n  d e f in e d  medium to  t h o s e  p r e v i o u s ly  o b t a in e d  in  
co m p le x  medium i n  sh a k e  f l a s k  c u l t u r e .  The d e f in e d  medium had  
p r e v i o u s ly  b e e n  shown t o  b e  c a p a b le  o f  s u p p o r t in g  h ig h  l e v e l s  o f  c e l l  
b io m a ss  i n  l a r g e  s c a l e  fe r m e n t e r s .  When t e s t e d  w it h  a v a r i e t y  o f  
d i f f e r e n t  p r o t e i n  e x p r e s s io n  c a s s e t t e s  i n s e r t e d  i n t o  th e  v e c t o r ,  
e x p r e s s io n  k i n e t i c s  and th e  f i n a l  c o n c e n t r a t io n s  w ere  v e r y  s i m i l a r  to  
t h o s e  o b t a in e d  i n  c o m p le x  m edium , s m a ll  s c a l e  e x p e r im e n ts .  
P l a s m i d - f r e e  c e l l s  w ere n o t  d e t e c t e d  w it h  t h e  c u l t u r e  and 
i m p o r t a n t ly ,  r e p r o d u c ib le  g ro w th  k i n e t i c s  w ere d e m o n s tr a te d .
A phenom enon s e e n  w it h  a l l  th e  v e c t o r s  s t u d ie d  w as th e  r e d u c t i o n  in
g ro w th  r a t e  a f t e r  p r o d u c t  i n d u c t i o n .  T h is  was u n e x p e c te d , s i n c e
e a r ly  c o n s t i t u t i v e  v e c t o r s  had n o t  d e m o n str a te d  t h i s  e f f e c t .  The
g ro w th  r a t e  r e d u c t i o n  t o  z e r o  w i t h in  4 - 5  h o u r s , was n o t  a r e s u l t  o f  
n u t r i e n t  d e p l e t i o n ,  a s  was p r e v i o u s ly  th o u g h t t o  h a v e  o c c u r r e d  in
s m a ll  s c a l e  co m p lex  medium e x p e r im e n ts , s i n c e  a l l  th e  p r i n c i p a l  
n u t r i e n t s  w ere m a in ta in e d  in  e x c e s s .  D iv e r s io n  o f  c e l l  r e s o u r c e s  to  
p r o t e i n  e x p r e s s io n  a n d /o r  DNA a m p l i f i c a t i o n  may h a v e  b e e n  th e  c a u se  
o f  th e  drop  in  c e l l  g ro w th . S i g n i f i c a n t  e f f e c t s  on m e ta b o lis m  and  
c e l l  r e p r o d u c t io n  w ere o b s e r v e d  su c h  a s th e  p u t a t i v e  a p p e a ra n ce  o f  
’ c e l l  s t r e s s '  p r o t e i n s  dnaK and GroE ( 3 . 1 . 4 )  and th e  p erm an en t l o s s  
o f  v i a b i l i t y  o n ce  p l a t e d  o n to  n u t r i e n t  a g a r .
P erh ap s th e  c a u s a t i v e  m echanism  f o r  th e  g ro w th  r a t e  d ro p  m ig h t be  
s e e n  i n  th e  s tu d y  o f  p - la c t a m a s e  s y n t h e s i s  when c o -e x p r e s s e d  w ith  
GATrhGT f u s i o n  p r o t e i n .  p - la c t a m a s e  a c c u m u la t io n  f e l l  s i g n i f i c a n t l y  
w it h  t im e  two h o u r s  a f t e r  i n d u c t i o n .  A lth o u g h  p o t e n t i a l l y  a r e s u l t  
o f  th e  d ro p  i n  g ro w th  r a t e ,  i t  i s  m ore l i k e l y  h ow ev er t o  b e  a r e s u l t  
o f  th e  h ig h  l e v e l s  o f  CAT:hCT t r a n s c r i b e d  mRNA swam ping th e
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t r a n s l a t i o n a l  pathw ay o f  th e  c e l l .  The p r o t e i n  s y n t h e t i c  m a ch in e ry  
becam e p r e d o m in a n t ly  d e v o te d  t o  CAT b i o s y n t h e s i s .  C o n s e q u e n t ly  a l l  
o th e r  p r o t e i n  s y n t h e s i s ,  i n c lu d in g  t h a t  o f  p - l a c t a m a s e ,  becam e  
u n c o m p e t i t iv e .  A p o in t  m ust o c c u r  w here o th e r  p r o t e i n s ,  p o t e n t i a l l y  
v i t a l  f o r  DNA r e p l i c a t i o n  o r  c e l l  m e ta b o lis m  d e p l e t e ,  e i t h e r  a s  a 
r e s u l t  o f  tu r n o v e r  o r  d i l u t i o n  due t o  r e p l i c a t i o n ,  t o  a  l e v e l  w here  
no f u r t h e r  c e l l  r e p l i c a t i o n  ca n  o c c u r .  T h is  t h e o r y  ca n  h e s u p p o r te d  
b y  p u ls e  l a b e l l i n g  s t u d i e s  p e r fo rm e d  on b o th  p ro c h y m o sin  and CAT 
e x p r e s s io n  (W r ig h t  e t  a l . ,  1 9 8 6 ) .  I n  t h e s e  e x p e r im e n ts  th e  t a r g e t  
p r o t e i n  w as th e  m a jo r  p r o t e i n  s y n t h e s i s e d  p o s t  i n d u c t i o n .  A d d i t i o n a l  
i n d i c a t i o n s  can  b e  drawn from  th e  r e d u c t io n  i n  th e  c e l l s  a b i l i t y  to  
c o n t in u e  r e p l i c a t i o n  o f  p la s m id  DNA i n  th e  p r e s e n c e  o f  h ig h  l e v e l s  o f  
c lo n e d  p r o t e i n  ( 3 . 1 . 3 . 2 ) .
One o f  th e  p r i n c i p a l  p ro b le m s  i n v o lv e d  i n  c o n d u c t in g  l a r g e  s c a l e  
f e r m e n t a t io n  p r o c e s s e s  i s  t h a t  o f  rem ovin g  h e a t  (b o t h  m e t a b o l ic  and 
m e c h a n ic a l i n  o r i g i n )  from  th e  fe r m e n t e r . T e m p era tu re
p e r t u r b a t i o n s  n eed  t o  h e  m in im is e d  s o  a s  to  m a in t a in  o v e r a l l  c o n t r o l  
o v e r  th e  c u l t u r e .  C l e a r l y ,  a te m p e ra tu r e  s c h e d u le  c o n s i s t i n g  o f  
i n c r e a s e s  from  3 0 °C  t o  4 2 °C  w it h  p e rh a p s  a f u r t h e r  r e d u c t io n  to  
3 7 °C  a g a in  w ou ld  b e  d i f f i c u l t  t o  c o n t r o l  and o p e r a t e  a t  la r g e  
s c a l e s .
To d e f i n e  th e  o p t im a l  i n d u c t i o n  p o i n t s ,  c h e m o sta t  c u l t u r e  w as u se d  a t  
a v a r i e t y  o f  c u l t u r e  t e m p e r a t u r e s . T h e se  e x p e r im e n t s , u s in g  th e  
p a r e n t a l  v e c t o r  c a p a b le  o f  co p y  number a m p l i f i c a t i o n  y e t  o n ly  
e x p r e s s in g  p - l a c t a m a s e ,  d e m o n s tr a te d  t h a t  te m p e r a tu r e s  o f  3 7 °C  and 
a b o v e  w ere r e q u ir e d  t o  in d u c e  p la s m id  DNA i n c r e a s e s .
S u r p r i s i n g l y ,  t h i s  w as 1 -2 ° C  lo w e r  th a n  t h a t  o b s e r v e d  b y  o th e r
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w o r k e r s  u s in g  s i m i l a r l y  r e g u la t e d  e x p r e s s io n  s y s te m s  ( S i e g e l  & R yu, 
1 9 8 5 ;  O k ita  e t  a l . .  1 9 8 9 ) .  H ow ever m ost p u b lis h e d  s y s te m s  o p e r a te  
th e  te m p e r a tu r e  s e n s i t i v e  lam bda p ro m o te r  r a t h e r  th a n  PR .
I t  seem s p o s s i b l e ,  t h e r e f o r e ,  t h a t  th e  c l  p r o t e i n  may b in d  w ith  
d i f f e r e n t  a f f i n i t i e s  t o  th e  two p ro m o te r  s e q u e n c e s . G r e a te r  
d e n a t u r a t io n  o f  th e  c l  p r o t e i n  a t  h ig h e r  te m p e r a tu r e s  may th e n  be  
r e q u ir e d  f o r  t r a n s c r i p t i o n  t o  b e  i n i t i a t e d .  D e l i n e a t i o n  o f  th e  
o p e r a b le  te m p e ra tu r e  h a s  p e r m it t e d  a much n a rro w e r  te m p e ra tu r e  band  
f o r  in d u c t i o n  im p le m e n ta t io n .
R ecom b in an t p r o t e i n  e x p r e s s io n  c l e a r l y  h ad  a fu n d a m e n ta l e f f e c t  on  
th e  p h y s io lo g y  o f  th e  h o s t  c e l l  b y  r e d u c in g  th e  s p e c i f i c  g ro w th  
r a t e .  I n  o r d e r  t o  d e te r m in e  w h e th e r  c e l l  p h y s i o lo g y  i n  tu r n  c o u ld  
i n f lu e n c e  re c o m b in a n t p r o t e i n  e x p r e s s io n ,  s p e c i f i c  g ro w th  r a t e  was 
m a n ip u la te d  b y  v a r y in g  s u b s t r a t e  ty p e  and g ro w th  te m p e r a tu r e  i n  b a t c h  
c u l t u r e .
D e s p i t e  th e  l i m i t a t i o n s  in  th e  e x p e r im e n ta l  i n t e r p r e t a t i o n  p r e v i o u s ly  
n o t e d , t h e s e  fe r m e n t a t io n  s t u d i e s  d e m o n str a te d  a c l e a r  r e l a t i o n s h i p  
b e tw e e n  i n i t i a l  p r e - i n d u c t i o n  g ro w th  r a t e  and th e  sp e e d  a t  w h ich  
re c o m b in a n t p r o t e i n  e x p r e s s io n  o c c u r r e d . H ig h e r  g ro w th  r a t e s  
s i g n i f i c a n t l y  s h o r te n e d  th e  o n s e t  o f  b o t h  DNA a m p l i f i c a t i o n  and  
p r o t e i n  e x p r e s s io n .  Due t o  th e  n e g a t i v e  e f f e c t  o f  i n d u c t io n  on  
g ro w th  r a t e ,  r e l a t i v e l y  l i t t l e  b io m a ss  c o u ld  s u b s e q u e n t ly  fo r m . A 
r e l a t i o n s h i p  b e tw e e n  i n i t i a l  g ro w th  r a t e  and p o s t  in d u c t io n  i n c r e a s e  
i n  b io m a s s  w as d e v e lo p e d  -  a u s e f u l  m od el f o r  f e r m e n t a t io n  b io m a ss  
o p t i m i s a t i o n  s t u d i e s .
C l e a r l y  g ro w th  r a t e  c o u ld  m o d u la te  p r o d u c t  e x p r e s s io n  a f t e r  
i n d u c t i o n ,  a lth o u g h  i t  d id  n o t  a f f e c t  th e  m axim al c a p a c i t y  o f  th e  
c e l l  t o  e x p r e s s  re c o m b in a n t p r o t e i n .  F i n a l  l e v e l s  w ere  v e r y  s i m i l a r .
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Prior to induction it was less clear however, whether growth rate 
itself or the methods of varying those rates (temperature, substrate) 
were affecting or modulating expression levels. This question was 
resolved hy the use of continuous culture techniques. Variations 
in CAT accumulation were demonstrated as a response to different 
growth rates at 35°C (i.e. prior to induction).
This effect was found to he independent of changes in plasmid copy 
number, indicating that the efficiency at which DNA was being 
transcribed and translated into protein was greater at higher 
specific growth rates. At a constant dilution rate, significant 
increases in both the plasmid pMG169 DNA and CAT content were noted 
at 35°C. These results explained some of the observations and 
anomalies noted in batch culture. This detail had also not been 
observed at a similar dilution rate in chemostat culture with 
p-lactamase expression from pMG171. It is clear that the more 
detailed experiments measuring actual plasmid DNA level rather than a 
putative "DNA marker" protein, reveal a hitherto unobserved partial 
derepression of the lambda PR promoter controlling replication from 
the higher copy origin of replication. It was for this reason that 
subsequent experiments were performed at the slightly lower operating 
temperatures of 34°C in an attempt to more fully repress plasmid 
replication and unwanted product expression.
To study the effect of growth rate on expression following induction 
in more detail, the temperature in chemostat cultures was increased 
to induce copy number amplification and product expression. 
Unfortunately however, problems with vector stability occured. 
After plasmid DNA amplification occurred, plasmid-fffee cells arose 
within the culture, although none were seen prior to induction.
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This effect was demonstrated when expressing CAT from the dual origin 
vector. Only transient expression was observed. CAT synthesis was 
sufficient to cause temporary washout of expressing cells from the 
culture due to a reduction in their growth rate below that of the 
chemostat dilution rate. A rapid increase in the proportion of 
plasmid-free cells followed, and a new steady state was 
established. Calculations indicated that plasmid-free cells were 
present prior to induction, at levels below the detection limits of 
the assay, rather than spontaneously generated upon induction. 
Clearly single stage continuous culture was an inappropriate 
technique with which to study expression after thermal amplification 
of DNA had occurred.
The use of the two stage chemostat system solved the problem of 
transitory expression after induction in continuous culture. Stable 
expression could be achieved in the second stage, over long periods, 
by careful manipulation of the rates at which fresh media and cells 
were fed from the first stage. Massive overgrowth by plasmid-free 
cells was prevented by controlling the mean specific growth of cells 
below a maximal point (p2 max) and by ensuring that a significant 
proportion of plasmid-bearing cells were introduced from the first 
stage.
The presence of plasmid-free variants was enumerated by the use of a 
more sensitive technique which permitted detection at lower levels 
than previously observed. It was found that the levels rose 
throughout the duration of the first stage fermentation, despite the 
observation that they were low in comparison with other reported work 
(Siegel & Ryu, 1985; Park & Ryu, 1990). In the second stage however,
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under constant conditions, the proportional increase in plasmid-free 
cells over that existing in the primary stage remained constant.
The specific growth rate could be manipulated independently of 
culture dilution rate by adjusting the flows of fresh media and cells 
to the second stage. Increasing the growth rate in the second stage 
up to the p2 stimulated both plasmid copy number and CAT
accumulation. Clearly growth rate has a powerful effect on 
recombinant protein expression that has hitherto not been 
identified. Growth rate also generally increased the efficiency of 
product expression from the plasmid DNA.
Growth rate was also found to be more influential than residence time 
on specific CAT expression rates at the inducing temperature.
These results differ fundamentally from those reported by Nam et al., 
(1987), Lee et a l .. (1988) and Park & Ryu, (1990), probably 
highlighting the differences between dual origin amplifiable copy 
number vectors and the constitutively high copy number expression 
vectors.
In both vector systems, overall expression level followed a similar 
trend to plasmid copy number with respect to growth rate although Lee 
et al.. (1988), were forced to use data derived from the first 
uninduced stage in this respect. In dual origin vectors increased 
growth rates increased both copy nuber and productivity, while in 
plasmids such as pPLc23trpAl, both copy number and productivity fall 
with growth rate. The ratio between target protein and gene dose 
(expression efficiency) however was always positively increased by 
growth rate. This effect, perhaps points towards the control of 
plasmid replication as the key variable influencing overall
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production kinetics. The dual origin vector system would appear to 
be capable of gaining double benefit from both elevated copy number 
and gene expression efficiency at higher growth rates and would thus 
seem to he the vector system of choice under such circumstances.
The strength of two stage continuous culture as a tool to analyse
precise differences between expression systems is clear. In
addition, physiological variables other than growth rate can be
studied. It would be interesting to broaden the scope of this work
and study whether different results would be achieved under different
nutrient limitations such as Nitrogen, Phosphorus or Sulphur. Carbon
and energy flux would not be as tightly regulated. Fundamentally
different results may be observed. It would also have been
interesting to determine whether could be increased byz mdx
including substrates that increase the overall specific growth rate 
of the organism.
Further study of different temperatures and initial growth conditions 
would further define the characteristics of the organism. Perhaps 
the most interesting further work should centre upon alternative 
strains producing insoluble or secreted recombinant heterologous 
products. A thorough understanding of the mechanisms in these two 
areas under stable and reproducible conditions would significantly 
advance upon current knowledge.
One advantage of the dual origin system is the stability of the 
vector within the E.coli host upon prolonged culture. Trends in the 
plasmid instability that were observed with both pMG169 and pMG171 
were analysed and found to fall within the two classically recognised 
instability groups - that of segregational instability and
plasmid-free cell overgrowth. These two groups were identified by 
plotting the data points against logarithmic axes. A logarithmic 
loss of plasmid-bearing cell loss with generation number revealed 
segregational instability whilst logarithmic plasmid-free cell 
increase indicated overgrowth. These relationships were further 
confirmed mathematically (Cooper et al.. 1987).
The parental plasmid, pMG171, was found to be lost as a result of 
failure in vector segregation whilst pMG169, expressing low levels of 
the CAT protein, was overgrown by plasmid-free variants. The level 
at which CAT was expressed was found to influence the growth rate 
disadvantage of the hearing cells. There did, however, appear to be 
a value below which the disadvantage became insignificant compared 
with loss hy segregational instability. These data indicated that 
protein expression, rather than DNA replication, was the principal 
cause of the growth rate disadvantage. Further evidence was 
provided hy a translationally suppressed construct where CAT was 
placed in the incorrect translational orientation. This strain was 
found to show plasmid loss kinetics similar to that of the parental 
plasmid.
Having determined that residual protein expression is the most likely 
reason for the instability observed, it would he interesting to test 
out the theory by other methods such as reducing incubation 
temperatures below 34°C. Alternative nutritional limitations may 
also yield different kinetics of plasmid loss. An interesting topic 
for further studies would be the mechanism hy which plasmid-free 
cells can actually outcompete plasmid-hearing cells in a chemostat 
where the growth rate is universally fixed by the dilution rate.
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Currently it is unclear whether there is a u alteration once  ^ 1 max
the plasmid is lost or whether the substrate affinity (Kg) is 
reduced.
Transitory increases in the plasmid-bearing proportion of chemostat 
cultures were commonly observed both in this work and in the 
literature (Helling et a l .. 1984). Variants arising within plasmid 
-bearing cells appear to possess a selective advantage over the 
original population and consequently overgrow the culture. The 
mechanism of this advantage can now he associated with the increased 
or novel expression of a 40 kd molecular weight protein that was 
expressed from the host chromosome. Future work should focus upon 
isolation and identification of the protein, and how overexpression 
mediates the growth advantage in continuous culture. Elucidation of 
the mechanism by which that overexpression is achieved would be 
useful to understand since a substantial amount of protein was 
produced presumably from a single gene copy.
Conclusions.
This study has characterised dual origin based plasmids used for 
recombinant protein expression. The effect of microbial physiology 
on recombinant protein expression has been studied in batch, 
continuous and two stage continuous culture. These studies have 
clearly shown that in addition to gene dose, transcription, 
translation and protein stability, growth conditions and physiology 
are major factors influencing recombinant protein accumulation in 
E.coli.
- 2 2 0 -
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